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High GWP Gas Emissions from Industrial Processes

The processes and applications pictured on the front and back cover of this report can lead to anthropogenic emissions of long-lived
fluorinated compounds, including hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SF¢). HFCs, PFCs
and SFg are not harmful to the stratospheric ozone layer, but they are powerful greenhouse gases that can be thousands of times more
potent than CO, and may have extremely long atmospheric lifetimes.

Wir=2aks Semiconductors: The semiconductor industry uses a variety of long-lived fluorinated gases (PFCs, HFC-23,
NN a— SF¢ and NF5) in dry etching and cleaning chemical vapor deposition tool chambers. Dry etching using fluo-
rinated gases in a plasma provides pathways to electrically connect individual circuit components in the sili-
con. Chemical vapor deposition chambers, used for depositing insulating and conducting materials, are
cleaned periodically using PFCs and other fluorinated gases.

Refrigerant (grocery): Cold food found in supermarkets, convenience stores, restaurants and other food serv-
ice establishments are typically displayed in refrigeration units that may use HFC-134a, blends of HCFCs and
HFCs, or other refrigerants. This type of equipment can range in size from small reach-in refrigerators and
freezers, to refrigerated display cases, to walk-in coolers and freezers. Supermarkets usually employ large
systems that contain many display cases connected by means of extensive piping. Because this piping may
be miles long, the amount of refrigerant in these units can be very high.

HCFC-22: HCFC-22 is primarily used in refrigeration and air conditioning systems and as a chemical feed-
stock for manufacturing synthetic polymers. HFC-23, which has a global warming potential 11,700 times that
of CO,, is a by-product of HCFC-22 manufacture. Once separated from HCFC-22, the HFC-23 is generally
vented to the atmosphere or may be captured for use in a limited number of applications. Because HCFC-22
depletes stratospheric ozone, HCFC-22 production for non-feedstock uses is scheduled to be phased out by
2020 under the U.S. Clean Air Act. Feedstock production is permitted to continue indefinitely.

Electrical Transmission and Distribution: The largest use for sulfur hexafluoride (SF¢) is as an electrical insu-
lator in equipment that transmits and distributes electricity. Many gas-insulated substations, circuit breakers
and other switchgear contain SF¢ because of its dielectric strength and arc-quenching characteristics. Fugitive
emissions of SFg can escape from this equipment through seals, especially from older equipment, or when the
equipment is opened for servicing.
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Preface

The United States Environmental Protection Agency (EPA) prepares the official U.S. Inventory of Greenhouse
Gas Emissions and Sinksto comply with existing commitments under the United Nations Framework Convention on
Climate Change (UNFCCC). Under a decision of the UNFCCC Conference of the Parties, national inventories for
most UNFCCC Annex | parties should be provided to the UNFCCC Secretariat each year by April 15.

In an effort to engage the public and researchers across the country, the EPA has instituted an annual public
review and comment process for this document. The availability of the draft document is announced via Federal
Register Notice and is posted on the EPA web page.? Copies are also mailed upon request. The public comment
period is generally limited to 30 days; however, comments received after the closure of the public comment period
are accepted and considered for the next edition of thisannual report. The EPA’s policy isto allow at least 60 daysfor
public review and comment when proposing new regulations or documents supporting regulatory development—
unless statutory or judicial deadlines make a shorter time necessary—and 30 days for non-regulatory documents of
an informational nature such as the Inventory document.

! See http://www.unfcce.de

2 See http://www.epa.gov/globalwarming/emissions/national
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Executive Summary

entral to any study of climate change is the development of an emissions inventory that identifies and
quantifies a country’s primary anthropogenic! sources and sinks of greenhouse gas emissions. This
inventory adheres to both (1) a comprehensive and detailed methodol ogy for estimating sources and sinks of anthro-
pogenic greenhouse gases, and (2) a common and consistent mechanism that enables signatory countries to the
United Nations Framework Convention on Climate Change (UNFCCC) to compare the relative contribution of
different emission sources and greenhouse gases to climate change. Moreover, systematically and consistently
estimating national and international emissions is a prerequisite for accounting for reductions and evaluating miti-
gation strategies.
In June of 1992, the United States signed the UNFCCC. The objective of the UNFCCC is “to
achieve...stabilization of greenhouse gas concentrations in the atmosphere at alevel that would prevent dangerous
anthropogenic interference with the climate system.”?

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make
available...national inventories of anthropogenic emissions by sources and removals by sinks of all greenhouse
gases not controlled by the Montreal Protocol, using comparable methodologies...”3 The United States views this
report as an opportunity to fulfill this commitment under UNFCCC.

This chapter summarizes the latest information on U.S. anthropogenic greenhouse gas emission trends from
1990 through 1998. To ensure that the U.S. emissions inventory is comparable to those of other UNFCCC signatory
countries, the estimates presented here were calculated using methodol ogies consistent with those recommended in
the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/IEA 1997). For
most source categories, the IPCC default methodologies were expanded, resulting in a more comprehensive and
detailed estimate of emissions.

Naturally occurring greenhouse gasesinclude water vapor, carbon dioxide (CO,), methane (CH,), nitrous oxide
(N,0), and ozone (O3). Several classes of halogenated substances that contain fluorine, chlorine, or bromine are also
greenhouse gases, but they are, for the most part, solely a product of industrial activities. Chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) are halocarbons that contain chlorine, while halocarbons that con-

! The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities
or are the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).

2 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change. See
<http://www.unfccc.de>.

3 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12). See <http://www.unfccc.de>.
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tain bromine are referred to as halons. CFCs, HCFCs,
and halons are stratospheric ozone depl eting substances
and are covered under the Montreal Protocol. Other fluo-
rine containing halogenated substances include
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs),
and sulfur hexafluoride (SFg). HFCs, PFCs, and SF4 do
not deplete stratospheric ozone.

There are also severa gases that do not have a
direct global warming effect but indirectly affect terres-
trial radiation absorption by influencing the formation
and destruction of tropospheric and stratospheric ozone.
These gases referred to as 0zone precursors include car-
bon monoxide (CO), oxides of nitrogen (NO,), and
nonmethane volatile organic compounds (NMVOCs).*
Aerosols extremely small particles or liquid droplets of -
ten produced by emissions of sulfur dioxide (SO,) can
also affect the absorptive characteristics of the atmo-
sphere.

Although CO,, CH,, and N,O occur naturaly in
the atmosphere, their atmospheric concentrations have
been affected by human activities. Since pre-industrial
time (i.e., since about 1750), concentrations of these
greenhouse gases have increased by 28, 145, and 13
percent, respectively (IPCC 1996). This build-up has
altered the composition of the earth’s atmosphere, and
affects the global climate system.

Beginning in the 1950s, the use of CFCs and other
stratospheric ozone depleting substances (ODSs) in-
creased by nearly 10 percent per year until the mid-1980s,
when international concern about ozone depletion led
to the signing of the Montreal Protocol on Substances
that Deplete the Ozone Layer. Since then, the consump-
tion of ODSs has been undergoing a phase-out. In con-
trast, use of ODS substitutes such as HFCs, PFCs, and
SF¢ has grown significantly during this time.

4 Also referred to in the U.S. Clean Air Act as “criteria pollutants”

Recent Trends in
U.S. Greenhouse Gas Emissions

Total U.S. greenhouse gas emissions rose in 1998
to 1,834.6 million metric tons of carbon equivalents
(MMTCE)® (11.2 percent above 1990 baseline). The
singleyear increasein emissions from 1997 to 1998 was
0.4 percent (6.8 MMTCE), less than the average annual
rate of increase for 1990 through 1998 (1.2 percent).
Figure ES-1 through Figure ES-3 illustrate the overall
trends in total U.S. emissions by gas, annual changes,
and absolute change since 1990. Table ES-1 provides a

Figure ES-1

U.S. GHG Emissions by Gas
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5 Estimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value,

or Global Warming Potential (see following section).
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detailed summary of U.S. greenhouse gas emissions and
sinks for 1990 through 1998.

Figure ES-4 illustrates the rel ative contribution of
the direct greenhouse gases to total U.S. emissions in
1998. The primary greenhouse gas emitted by human
activities was CO,. The largest source of CO, and of
overall greenhouse gas emissions in the United States
was fossil fuel combustion. M ethane emissions resulted
primarily from decomposition of wastes in landfills,
manure and enteric fermentation associated with domes-
ticlivestock, natural gas systems, and coal mining. Emis-
sions of N,O were dominated by agricultural soil man-
agement and mobile source fossil fuel combustion. The
substitution of ozone depleting substances and emis-
sionsof HFC-23 during the production of HCFC-22 were
the primary contributors to aggregate HFC emissions.
PFC emissions came mainly from primary aluminum pro-
duction, while electrical transmission and distribution
systems emitted the majority of Sk

Asthelargest source of U.S. greenhouse gas emis-
sions, CO, from fossil fuel combustion, accounted for
80 percent of weighted emissions in 1998. Emissions
from this source grew by 11 percent (148.1 MMTCE)
from 1990 to 1998 and were also responsiblefor over 80
percent of the increase in national emissions during this
period. The annual increase in CO, emissions from this
source was only 0.5 percent in 1998 lower than the
source's average annual rate of 1.3 percent during the

1990s despite astrong 3.9 percent increasein U.S. gross
domestic product.
Figure ES-3

Absolute Change in U.S. GHG Emissions Since 1990
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1998 Greenhouse Gas Emissions by Gas
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In addition to economic growth, changes in CO,
emission from fossil fuel combustion are aso correlated
with energy prices and seasonal temperatures. Excep-
tionally mild winter conditions in 1998 moderated
growth in CO, emissions from fossil fuel combustion
bel ow what would have been expected given the strength
of the economy and continued low fuel prices. Table ES-
2 shows annual changesin emissions during the last few
years of the 1990s for particular fuel types and sectors.

Carbon dioxide emissions from fossil fuel com-
bustion increased dramatically in 1996, due primarily
totwo factors: 1) fuel switching by electric utilitiesfrom
natural gas to more carbon intensive coa as to colder
winter conditions and the associated rise in demand for
natural gas from residential, commercia and industrial
customers for heating caused gas prices to rise sharply;
and 2) higher consumption of petroleum fuels for trans-
portation. Milder weather conditionsin summer and win-
ter moderated the growth in emissions in 1997; how-
ever, the shut-down of several nuclear power plants lead
electric utilities to increase their consumption of coal to
offset thelost capacity. In 1998, weather conditionswere
a dominant factor in slowing the growth in emissions.
Warm winter temperatures resulted in a significant drop
in residential, commercial, and industrial natural gas
consumption. This drop in emissions from natural gas
used for heating was primarily offset by two factors: 1)
electric utility emissions, which increased in part due to
a hot summer and its associated air conditioning de-
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Table ES-1: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
c0, 1,340.3 1,326.1 1,350.4 1,383.3 1,404.8 1,416.5 1,466.2 1,486.4 1,494.0
Fossil Fuel Combustion 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2
Cement Manufacture 9.1 8.9 8.9 94 9.8 10.0 10.1 10.5 10.7
Natural Gas Flaring 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9
Lime Manufacture 3.0 3.0 3.1 3.1 3.2 34 3.6 3.7 3.7
Waste Combustion 2.8 3.0 3.0 3.1 3.1 3.0 3.1 34 3.5
Limestone and Dolomite Use 14 1.3 1.2 1.1 1.5 1.9 2.0 2.3 2.4
Soda Ash Manufacture and
Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 04 04
Land-Use Change and
Forestry (Sink)2 (316.4) (316.3) (316.2) (212.7) (212.3) (211.8) (211.3) (211.1) (210.8)
International Bunker Fuels® 32.2 32.7 30.0 27.2 26.7 27.5 279 299 31.3
CH, 1779 1777 1794 178.7 181.6 184.1 183.1 183.8 1809
Landfills 58.2 58.1 59.1 59.6 59.9 60.5 60.2 60.2 58.8
Enteric Fermentation 32.7 32.8 33.2 33.7 34.5 34.9 345 34.2 33.7
Natural Gas Systems 33.0 334 33.9 34.6 34.3 34.0 34.6 34.1 33.6
Manure Management 15.0 15.5 16.0 17.1 18.8 19.7 20.4 221 229
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Petroleum Systems 7.4 7.5 7.2 6.9 6.7 6.7 6.5 6.5 6.3
Rice Cultivation 2.4 2.3 2.6 24 2.7 2.6 2.4 2.6 2.7
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3
Mobile Sources 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 04 04 0.4
Agricultural Residue Burning 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2
Silicon Carbide Production + + + + + + + + +
International Bunker Fuels® + + + + + + + + +
N,0 108.2 1105 1133 1138 1215 1188 1215 1224 1194
Agricultural Soil Management 75.3 76.3 78.2 77.3 83.5 80.4 82.4 84.2 83.9
Mobile Sources 13.8 14.6 15.7 16.5 171 17.4 17.5 17.3 17.2
Nitric Acid 49 49 5.0 5.1 53 5.4 5.6 5.8 5.8
Stationary Sources 3.8 3.8 39 39 4.0 4.0 4.2 4.2 4.3
Manure Management 3.4 3.6 3.5 3.7 3.8 3.7 3.8 3.9 4.0
Human Sewage 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.2
Adipic Acid 5.0 52 4.8 52 55 55 5.7 4.7 2.0
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
HFCs, PFCs, and SFg 23.3 22.0 23.5 23.8 25.1 29.0 33.5 35.3 40.3
Substitution of Ozone Depleting
Substances 0.3 0.2 0.4 1.4 2.7 7.0 9.9 12.3 14.5
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 74 8.5 8.2 10.9
Electrical Transmission
and Distribution 5.6 59 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Magnesium Production and
Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0 3.0
Aluminum Production 54 4.7 4.4 3.8 3.2 3.1 3.2 3.0 2.8
Semiconductor Manufacture 0.8 0.8 0.8 1.0 1.1 1.5 1.9 1.9 2.1
Total Emissions 1,649.7 1,636.2 1,666.6 1,699.7 1,733.0 1,748.5 1,804.4 1,827.9 1,834.6

Net Emission (Sources and Sinks) 1,333.3 1,320.0 1,350.5 1,487.0 1,520.7 1,536.6 1,593.1 1,616.8 1,623.8

+ Does not exceed 0.05 MMTCE

2 Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.

b Emissions from International Bunker Fuels are not included in totals.

Note: Totals may not sum due to independent rounding.
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Table ES-2: Annual Change in CO, Emissions from Fossil Fuel Combustion

for Selected Fuels and Sectors (MMTCE and Percent)

Sector Fuel Type 1995 to 1996 1996 to 1997 1997 to 1998
Electric Utility Coal 245 5.7% 14.3 3.1% 5.5 1.2%
Electric Utility Petroleum 1.4 10.0% 2.2 14.4% 7.3 41.6%
Electric Utility Natural Gas (6.9) (14.6%) 3.3 8.1% 4.2 9.8%
Transportation? Petroleum 13.8 3.3% 1.1 0.2% 7.2 1.7%
Residential Natural Gas 5.8 8.1% (3.8)  (4.9%) (7.4)  (10.0%)
Commercial Natural Gas 1.9 4.2% 0.9 1.9% (2.7) (5.7%)
Industrial Natural Gas 4.7 3.4% (1.4)  (1.0%) (2.9) (2.0%)
All Sectors? All Fuels? 49.4 3.5% 19.4 1.3% 1.5 0.5%

2 Excludes emissions from International Bunker Fuels.
b Includes fuels and sectors not shown in table.

mand; and 2) increased motor gasoline consumption for
transportation.

Overall, from 1990 to 1998, total emissions of
CO,, CH,, and N,O increased by 153.7 (11 percent), 3.1
(2 percent), and 11.1 MMTCE (10 percent), respec-
tively. During the same period, weighted emissions of
HFCs, PFCs, and SF4 rose by 17.0 MMTCE (73 per-
cent). Despite being emitted in smaller quantities rela-
tive to the other principle greenhouse gases, emissions
of HFCs, PFCs, and SF4 are significant because of their
extremely high Global Warming Potentials and, in the
cases of PFCsand SF, long atmospheric lifetimes. Con-
versely, U.S. greenhouse gas emissionswere partly off-
set by carbon sequestration in forests and in landfilled
carbon, which were estimated to be 12 percent of total
emissions in 1998.

Other significant trends in emissions from addi-
tional source categories over the nine year period from
1990 through 1998 included the following:

e Aggregate HFC and PFC emissions resulting from
the substitution of ozone depleting substances (e.g.,
CFCs) increased by 14.2 MMTCE. This increase
was partly offset, however, by reductions in PFC
emissions from aluminum production by 2.6
MMTCE (48 percent), which were theresult of both
voluntary industry emission reduction efforts and
lower domestic aluminum production.

e Combined N,O and CH, emissions from mobile
combustion rose by 3.3 MM TCE (22 percent), pri-
marily due to increased rates of N,O generation in
highway vehicles.

Methane emissions from the manure management
activities have increased by 7.9 MMTCE (53 per-
cent) as the composition of the swine and dairy in-
dustries shift toward larger facilities. An increased
number of large facilities leads to an increased use
of liquid systems, which translates into increased
methane production.

Methane emissions from coal mining dropped by
6.2 MMTCE (26 percent) asaresult of the mining of
less gassy coal from underground mines and the in-
creased use of methane from degasification systems.
Nitrous oxide emissions from agricultural soil man-
agement increased by 8.5 MMTCE (11 percent) as
fertilizer consumption and cultivation of nitrogen
fixing crops rose.

By 1998, all of the three major adipic acid produc-
ing plants had voluntarily implemented N,O abate-
ment technology; as a result, emissions fell by 3.0
MMTCE (60 percent). The mgjority of this decline
occurred from 1997 to 1998, despite increased pro-
duction.

Thefollowing sections describe the concept of Glo-
bal Warming Potentials (GWPs), present the anthro-
pogenic sources and sinks of greenhouse gas emis-
sions in the United States, briefly discuss emission
pathways, further summarize the emission estimates,
and explain the relative importance of emissions
from each source category.
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Box ES-1: Recent Trends in Various U.S. Greenhouse Gas Emissions-Related Data

There are several ways to assess a nation’s greenhouse gas emitting intensity. These measures of intensity could be based on
aggregate energy consumption because energy-related activities® are the largest sources of emissions, on fossil fuel consumption only
because almost all energy-related emissions involve the combustion of fossil fuels, on electricity consumption because electric utilities
were the largest sources of U.S. greenhouse gas emissions in 1998, on total gross domestic product as a measure of national
economic activity, or on a per capita basis. Depending upon which of these measures is used, the United States could appear to have
reduced or increased its national greenhouse gas intensity. Table ES-3 provides data on various statistics related to U.S. greenhouse
gas emissions normalized to 1990 as a baseline year. Greenhouse gas emissions in the U.S. have grown at an average annual rate of
1.3 percent since 1990. This rate is slightly slower than that for total energy or fossil fuel consumption thereby indicating an improved
or lower greenhouse gas emitting intensity and much slower than that for either electricity consumption or overall gross domestic
product. Emissions, however, are growing faster than national population, thereby indicating a worsening or higher greenhouse gas
emitting intensity on a per capita basis (see Figure ES-5). Overall, atmospheric CO, concentrations a function of many complex
anthropogenic and natural processes are increasing at 0.4 percent per year.

Table ES-3: Recent Trends in Various U.S. Data (Index 1990 = 100)

Variable 1991 1992 1993 1994 1995 1996 1997 1998  Growth Rate'
GHG Emissions? 99 101 103 105 106 109 111 111 1.3%
Energy Consumption® 100 101 104 106 108 112 112 112 1.4%
Fossil Fuel Consumption® 99 101 103 105 106 110 111 111 1.4%
Electricity Consumption® 102 102 105 108 111 114 116 119 2.2%
GDP® 99 102 104 108 110 114 118 123 2.6%
Population® 101 102 103 104 105 106 107 108 1.0%
Atmospheric CO, Concentration® 100 101 101 101 102 102 103 104 0.4%
2 GWP weighted values d(U.S. Census Bureau 1999)
b Energy content weighted values. (DOE/EIA) ¢ Mauna Loa Observatory, Hawaii (Keeling and Whorf 1999)
¢ Gross Domestic Product in chained 1992 dollars (BEA 1999) f Average annual growth rate
Figure ES-5
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6 Energy-related activities are those that involve fossil fuel combustion (industrial, transportation, residential, and commercial end-use
sectors), and the production, transmission, storage, and distribution of fossil fuels.
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pathways further summarize the emission estimates, and
explain the relative importance of emissions from each
source category.

Global Warming Potentials

Gases in the atmosphere can contribute to the
greenhouse effect both directly and indirectly. Direct
effects occur when the gas itself is a greenhouse gas,
indirect radiative forcing occurs when chemical trans-
formations of the original gas produce agas or gases that
are greenhouse gases, or when agasinfluencesthe atmo-
spheric lifetimes of other gases. The concept of a Global
Warming Potential (GWP) has been developed to com-
pare the ability of each greenhouse gas to trap heat in
the atmosphere relative to another gas. Carbon dioxide
was chosen as the reference gas to be consistent with
IPCC guidelines.

Global Warming Potentials are not provided for
the criteria pollutants CO, NO,, NMVOCs, and SO, be-
cause there is no agreed upon method to estimate the

contribution of gases that have only indirect effects on
radiative forcing (IPCC 1996).

All gasesin this executive summary are presented
in units of million metric tons of carbon equivalents
(MMTCE). Carbon comprises 12/44'"s of carbon diox-
ide by weight. The relationship between gigagrams (Gg)
of agasand MMTCE can be expressed as follows:

MMTCE = (Ggof gas)x %M% (Gwp)xH2E
,000 Gg [H4 T

The GWP of agreenhouse gasistheratio of global
warming, or radiativeforcing—both direct and indirect—
from one unit mass of a greenhouse gas to that of one
unit mass of carbon dioxide over aperiod of time. While
any time period can be selected, the 100 year GWPs
recommended by the IPCC and employed by the United
States for policy making and reporting purposes were
used in this report (IPCC 1996). GWP values are listed
below in Table ES-6.

Box ES-2: Greenhouse Gas Emissions from Transportation Activities

Motor vehicle usage is increasing all over the world, including in the United States. Since the 1970s, the number of highway
vehicles registered in the United States has increased faster than the overall population, according to the Federal Highway Administra-
tion (FHWA). Likewise, the number of miles driven up 21 percent from 1990 to 1998 and gallons of gasoline consumed each year in
the United States have increased relatively steadily since the 1980s, according to the FHWA and Energy Information Administration,
respectively. These increases in motor vehicle usage are the result of a confluence of factors including population growth, economic
growth, increasing urban sprawl, and low fuel prices.

One of the unintended consequences of these changes is a slowing of progress toward cleaner air in both urban and rural parts
of the country. Passenger cars, trucks, motorcycles, and buses emit significant quantities of air pollutants with local, regional, and
global effects. Motor vehicles are major sources of carbon monoxide (C0), carbon dioxide (CO,), methane (CH,4), nonmethane volatile
organic compounds (NMVOCs), nitrogen oxides (NO,), nitrous oxide (N,0), and hydrofluorocarbons (HFCs). Motor vehicles are also
important contributors to many serious air pollution problems, including ground-level ozone (i.e., smog), acid rain, fine particulate
matter, and global warming. Within the United States and abroad, government agencies have taken actions to reduce these emissions.
Since the 1970s, the EPA has required the reduction of lead in gasoline, developed strict emission standards for new passenger cars
and trucks, directed states to enact comprehensive motor vehicle emission control programs, required inspection and maintenance
programs, and more recently, introduced the use of reformulated gasoline. New vehicles are now equipped with advanced emissions
controls, which are designed to reduce emissions of nitrogen oxides, hydrocarbons, and carbon monoxide.

Table ES-4 summarizes greenhouse gas emissions from all transportation-related activities. Overall, transportation activities
excluding international bunker fuels accounted for an almost constant 26 percent of total U.S. greenhouse gas emissions from 1990
to 1998. These emissions were primarily CO, from fuel combustion, which increased by 11 percent from 1990 to 1998. However,
because of larger increases in N,0 and HFC emissions during this period, overall emissions from transportation activities actually
increased by 13 percent.
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Table ES-4: Transportation-Related Greenhouse Gas Emissions (MMTCE)

Gas/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 399.6 3915 4011 4091 4223 4277 A7 4434 4503
Passenger Cars 169.1 167.6 1717 173.3 1722 175.0 178.5 180.0 185.1
Light-Duty Trucks 77.4 771 771 80.4 87.1 88.9 91.1 92.1 94.6
Other Trucks 56.3 54.2 55.9 59.1 62.1 63.6 67.7 70.1 70.3
Buses 2.7 2.8 2.9 3.0 3.3 3.5 3.0 3.2 3.2
Aircraft2 48.2 46.1 455 45.8 48.0 46.8 49.1 48.8 49.4
Boats and Vessels 15.1 14.4 18.5 17.3 17.0 17.0 18.1 13.7 12.5
Locomotives 7.3 6.8 7.3 6.7 7.9 8.1 8.7 9.0 9.0
Other? 23.6 22.3 22.3 23.6 24.8 24.8 25.4 26.5 26.3
International Bunker Fuels® 32.2 32.7 30.0 27.2 26.7 27.5 27.9 29.9 31.3
CH, 1.5 1.5 1.5 15 1.5 14 1.4 14 1.3
Passenger Cars 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.5
Light-Duty Trucks 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
Other Trucks and Buses 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2
Aircraft + + + + + + + + +
Boats and Vessels + + + + + + + + +
Locomotives + + + + + + + + +
Otherd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® + + + + + + + + +
N,0 13.8 14.6 15.7 16.5 171 17.4 17.5 17.3 17.2
Passenger Cars 8.1 8.0 8.4 8.6 8.8 8.9 8.9 8.7 8.6
Light-Duty Trucks 4.2 5.1 5.8 6.4 6.6 6.8 6.8 6.8 6.8
Other Trucks and Buses 0.6 0.7 0.7 0.7 0.8 0.8 0.9 0.9 1.0
Aircraftd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Boats and Vessels 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Otherd 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels® 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
HFCs + + 0.2 0.7 1.8 2.6 3.7 4.7 4.7
Mobile Air Conditioners® + + 0.2 0.7 1.8 2.6 3.7 4.7 4.7
Total® 4148 4075 4184  427.8 4427 449.2 4643 466.8 4735

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

2 Aircraft emissions consist of emissions from all jet fuel (less bunker fuels) and aviation gas consumption.

b “Other” CO, emissions include motorcycles, construction equipment, agricultural machinery, pipelines, and lubricants.

¢ Emissions from International Bunker Fuels include emissions from both civilian and military activities, but are not included in totals.

d “Other” CH, and N,0 emissions include motorcycles, construction equipment, agricultural machinery, gasoline-powered recreational,
industrial, lawn and garden, light commercial, logging, airport service, other equipment; and diesel-powered recreational, industrial, lawn and
garden, light construction, airport service.

¢ Includes primarily HFC-134a
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Box ES- 3: Greenhouse Gas Emissions from Electric Utilities

Like transportation, activities related to the generation, transmission, and distribution of electricity in the United States result in
significant greenhouse gas emissions. Table ES-5 presents greenhouse gas emissions from electric utility-related activities. Aggregate
emissions from electric utilities of all greenhouse gases increased by 16 percent from 1990 to 1998, and accounted for a relatively
constant 29 percent of U.S. greenhouse emissions during the same period.” The majority of these emissions resulted from the
combustion of coal in boilers to produce steam that is passed through a turbine to generate electricity. Overall, the generation of
electricity results in a larger portion of total U.S. greenhouse gas emissions than any other activity.

Table ES-5: Electric Utility-Related Greenhouse Gas Emissions (MMTCE)

Gas/Fuel Type or Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
c0, 476.6 473.2 4727 4905 4939 4940 513.0 532.8 549.9
Coal 409.0 407.2 411.8 4287 4295 433.0 4575 471.8 477.3
Natural Gas 412 411 40.7 39.5 44.0 47.2 40.3 436 47.8
Petroleum 264 249 20.2 22.3 20.5 13.9 153 175 248
Geothermal 0.1 0.1 0.1 0.1 + + + + +
CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Stationary Combustion (Utilities) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
N,0 2.0 2.0 2.0 2.1 2.1 2.1 2.2 23 2.3
Stationary Combustion (Utilities) 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3 2.3
SFg 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Total 484.3 481.2 481.0  499.1 502.9 503.2 5224 5422 559.3

+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.

Table ES-6: Global Warming Potentials

Carbon Dioxide Emissions

(100 Year Time Horizon)

Gas GWP The global carbon cycle is made up of large car-
Carbon dioxide (CO,) 1 bon flows and reservoirs. Hundreds of billions of tons of
Methane (CH,)* 21 carbon in the form of CO, are absorbed by oceans and
mgg’g oxide (N;0) " %g living biomass (sinks) and are emitted to the atmosphere
HFC-125 2800 annually through natural processes (sources). When in
HFC-134a 1,300 equilibrium, carbon fluxes among these various reser-
HFC-143a 3,800 .

HFC-152a 140 voirs are roughly balanced.

HFC-227ea 2,900 Since the Industrial Revolution, this equilibrium
:Eg:ig%amee ?ggg of atmospheric carbon has been altered. Atmospheric
CF, 6,500 concentrations of CO, have risen about 28 percent (IPCC
EZEﬁ %88 1996), principally because of fossil fuel combustion,
CzFlg 7:400 which accounted for 98 percent of total U.S. CO, emis-
Sk 23,900 sions in 1998. Changes in land use and forestry prac-

Source: (IPCC 1996)

* The methane GWP includes the direct effects and those
indirect effects due to the production of tropospheric ozone and
stratospheric water vapor. The indirect effect due to the
production of CO, is not included.

tices can also emit CO, (e.g., through conversion of for-
est land to agricultural or urban use) or can act asasink
for CO, (e.g., through net additions to forest biomass).

7 Emissions from nonutility generators are not included in these estimates. Nonutilties were estimated to produce about 10 percent of
the electricity generated in the United States in 1998 (DOE and EPA 1999).
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Figure ES-6 and Table ES-7 summarize U.S. sources
and sinks of CO,. The remainder of this section then
discusses CO, emission trends in greater detail.

Energy

Energy-related activities accounted for almost all
U.S. CO, emissionsfor the period of 1990 through 1998.
Carbon dioxidefrom fossil fuel combustion wasthe domi-
nant contributor. In 1998, approximately 85 percent of
the energy consumed in the United States was produced
through the combustion of fossil fuels. The remaining
15 percent came from other energy sources such as hy-
dropower, biomass, nuclear, wind, and solar (see Figure

Figure ES-7

1998 U.S. Energy Consumption by Energy Source

7.5% Renewable
7.6% Nuclear

22.9% Coal
- 23.2% Natural Gas
38.8% Petroleum

Source: DOE/EIA-0384(99), Annual Energy Review 1998,
Table 1.3, July 1999

ES-7 and Figure ES-8). A discussion of specific trends
related to CO, emissions from energy consumption is
presented bel ow.

Fossil Fuel Combustion

Asfossil fuelsare combusted, the carbon stored in
them is amost entirely emitted as CO,. The amount of
carbon in fuels per unit of energy content varies signifi-
cantly by fuel type. For example, coal containsthe high-
est amount of carbon per unit of energy, while petroleum
has about 25 percent less carbon than coal, and natural
gas about 45 percent less. From 1990 through 1998, pe-
troleum supplied the largest share of U.S. energy de-
mands, accounting for an average of 39 percent of total
energy consumption. Natural gas and coal followed in
order of importance, accounting for an average of 24
and 22 percent of total energy consumption, respectively.
M ost petroleum was consumed in the transportation sec-
tor, while the vast majority of coal was used by electric
utilities, and natural gas was consumed largely in the
industrial and residential sectors.

Emissions of CO, from fossil fuel combustion in-
creased at an average annual rate of 1.3 percent from
1990 to 1998. The fundamental factors behind thistrend
include (1) a robust domestic economy, (2) relatively
low energy prices, and (3) fuel switching by electric utili-
ties. After 1990, when CO, emissions from fossil fuel
combustion were 1,320.1 MMTCE, there was a slight
decline in emissions in 1991, due in large part to an
economic recession, followed by arelatively steady in-

Figure ES-8
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Table ES-7: U.S. Sources of GO, Emissions and Sinks (MMTCE)

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
Fossil Fuel Combustion 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2
Cement Manufacture 9.1 8.9 8.9 94 9.8 10.0 10.1 10.5 10.7
Natural Gas Flaring 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9
Lime Manufacture 3.0 3.0 3.1 3.1 3.2 34 3.6 3.7 3.7
Waste Combustion 2.8 3.0 3.0 3.1 3.1 3.0 3.1 3.4 3.5
Limestone and Dolomite Use 14 1.3 1.2 1.1 1.5 1.9 2.0 2.3 2.4
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.4 0.4
Land-Use Change and Forestry (Sink)2  (316.4) (316.3) (316.2) (212.7) (212.3) (211.8) (211.3) (211.1) (210.8)
International Bunker Fuels® 32.2 32.7 30.0 27.2 26.7 27.5 279 29.9 31.3

Total Emissions
Net Emissions (Sources and Sinks)

1,340.3 1,326.1
1,023.9 1,009.8

1,350.4 1,383.3 1,404.8 1,416.5
1,034.2 1,170.6 1,192.5 1,204.7

1,466.2 1,486.4 1,494.0
1,254.9 1,275.3 1,283.2

2 Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude
non-forest soils, and are based partially upon projections of forest carbon stocks.

b Emissions from International Bunker Fuels are not included in totals.

Note: Totals may not sum due to independent rounding.

crease to 1,468.2 MMTCE in 1998. Overall, CO, emis-
sions from fossil fuel combustion increased by 11 per-
cent over the nine year period and rose by 0.5 percent in
the final year.

In 1998, mild weather and low petroleum prices
comprised the major forces aff ecting emission trends. A
very mild winter more than offset the effects of aslightly
hotter summer, resulting in significantly lower fuel con-
sumption for residential and commercial heating com-
pared to previous years. Emissions from the combustion
of petroleum products grew the most (11.5 MMTCE or
1.9 percent) duein large part to low prices. Alone, emis-
sionsfrom the combustion of petroleum by electric utili-
tiesincreased by 7.3 MMTCE (42 percent) from 1997 to
1998. Emissions from the combustion of coal in 1998
increased by 5.5 MM TCE (1 percent) from the previous
year, driven almost entirely by increased emissions by
electric utilities. These increases were offset by a de-
creasein natural gas combustion emissionsin every sec-
tor (9.1 MMTCE or 3 percent).

Thefour end-use sectors contributing to CO, emis-
sions from fossil fuel combustion include: industrial,
transportation, residential, and commercial. Electric utili-
ties also emit CO,, athough these emissions are pro-
duced as they consume fossil fuel to provide electricity
to one of the four end-use sectors. For the discussion
below, electric utility emissions have been distributed

to each end-use sector based upon their fraction of ag-
gregate electricity consumption. This method of distrib-
uting emissions assumes that each end-use sector con-
sumes electricity that is generated with the national av-
erage mix of fuels according to their carbon intensity. In
reality, sources of electricity vary widely in carbon in-
tensity. By giving equal carbon-intensity weight to each
sector’s el ectricity consumption, for example, emissions
attributed to the residential sector may be overestimated,
while emissions attributed to the industrial sector may
be underestimated. Emissions from electric utilities are
addressed separately after the end-use sectors have been
discussed. Emissionsfrom U.S. territoriesare al so calcu-
lated separately due to a lack of end-use-specific con-
sumption data. Table ES-8, Figure ES-9, and Figure ES-
10 summarize CO, emissions from fossil fuel combus-
tion by end-use sector.

Industrial End-Use Sector. Industrial CO, emis-
sions resulting from direct fossil fuel combustion and
from the generation of electricity consumed by the sec-
tor accounted for 33 percent of U.S. emissions from fos-
sil fuel combustion in 1998. About two-thirds of these
emissions resulted from producing steam and process
heat from fossil fuel combustion, while the remaining
third resulted from consuming electricity for powering
motors, electric furnaces, ovens, and lighting.

Transportation End-Use Sector. Transportation
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Table ES-8: CO, Emissions from Fossil Fuel Combustion by End-Use Sector (MMTCE)*

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Residential 252.9 257.0 255.8 271.6 268.2 269.8 2854 2847 286.8
Commercial 206.7 206.3 205.4 212.0 213.8  218.3 2259 238.0 239.3
Industrial 451.7 440.3 458.0 458.0 466.2 464.4 4773 4825  478.9
Transportation 399.6 391.5 4011 409.1 4223  427.7 4417 4434 4503
U.S. Territories 9.2 10.7 9.8 10.7 11.5 11.8 11.0 12.0 13.0
Total 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2

* Emissions from fossil fuel combustion by electric utilities are allocated based on electricity consumption by each end-use sector.

Note: Totals may not sum due to independent rounding.

activities excluding international bunker fuels ac-
counted for 31 percent of CO, emissions from fossil
fuel combustion in 1998.2 Virtually all of the energy
consumed in this end-use sector came from petroleum
products. Two thirds of the emissionsresulted from gaso-
line consumption in motor vehicles. The remaining
emissions came from other transportation activities, in-
cluding the combustion of diesel fuel in heavy-duty
vehicles and jet fuel in aircraft.

Residential and Commercial End-Use Sectors.
The residential and commercial end-use sectors ac-
counted for 20 and 16 percent, respectively, of CO,
emissions from fossil fuel consumption in 1998. Both
sectorsrelied heavily on electricity for meeting energy
needs, with 67 and 75 percent, respectively, of their
emissions attributable to electricity consumption for

Figure ES-9
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lighting, heating, cooling, and operating appliances.
The remaining emissions were largely due to the con-
sumption of natural gas and petroleum, primarily for
meeting heating and cooking needs.

Electric Utilities. The United Statesrelieson elec-
tricity to meet a significant portion of its energy de-
mands, especially for lighting, electric motors, heat-
ing, and air conditioning. Electric utilities are respon-
sible for consuming 29 percent of U.S. energy from
fossil fuels and emitted 37 percent of the CO, from
fossil fuel combustion in 1998. The type of fuel com-
busted by utilities has asignificant effect on their emis-
sions. For example, some electricity is generated with
low CO, emitting energy technologies, particularly
non-fossil options such as nuclear, hydroelectric, or
geothermal energy. However, electric utilities rely on

Figure ES-10
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8 If emissions from international bunker fuels are included, the transportation end-use sector accounted for 33 percent of U.S. emissions

from fossil fuel combustion in 1998.
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coal for over half of their total energy requirementsand
accounted for 88 percent of all coal consumed in the
United States in 1998. Consequently, changes in elec-
tricity demand have a significant impact on coal con-
sumption and associated CO, emissions.

Natural Gas Flaring

Carbon dioxideis produced when natural gasfrom
oil wellsisflared (i.e., combusted) to relieverising pres-
sure or to dispose of small quantities of gasthat are not
commercially marketable. In 1998, flaring activities
emitted approximately 3.9 MMTCE, or about 0.2 per-
cent of U.S. CO, emissions.

Biomass Combustion

Biomassin the form of fuel wood and wood waste
was used primarily by the industrial end-use sector,
while the transportation end-use sector was the pre-
dominant user of biomass-based fuels, such as ethanol
from corn and woody crops. Ethanol and ethanol blends,
such as gasohol, are typically used to fuel public trans-
port vehicles.

Although these fuelsdo emit CO,, inthelong run
the CO, emitted from biofuel consumption does not
increase atmospheric CO, concentrationsif the biogenic
carbon emitted is offset by the growth of new biomass.
For example, fuel wood burned one year but re-grown
the next only recycles carbon, rather than creating a
net increase in total atmospheric carbon. Net carbon
fluxes from changes in biogenic carbon reservoirs in
wooded or crop lands are accounted for under Land-
Use Change and Forestry.

Gross CO, emissions from biomass combustion
were 66.2 MMTCE, with the industrial sector account-
ing for 81 percent of the emissions, and the residential
sector 15 percent. Ethanol consumption by the trans-
portation sector accounted for only 3 percent of CO,
emissions from biomass combustion.

Industrial Processes
Emissions are often produced as a by-product of
various non-energy-related activities. For example, in-

dustrial processes can chemically transform raw mate-
rials. This transformation often releases greenhouse
gases such as CO,. The production processes that emit
CO, include cement manufacture, lime manufacture,
limestone and dolomite use (e.g., iniron and steel mak-
ing), soda ash manufacture and consumption, and CO,
consumption. Total CO, emissions from these sources
were approximately 18.4 MMTCE in 1998, account-
ing for about 1 percent of total CO, emissions. Since
1990, emissions from each of these sources increased,
except for emissions from soda ash manufacture and
consumption, which remained relatively constant.

Cement Manufacture (10.7 MMTCE)

Carbon dioxide is produced primarily during the
production of clinker, an intermediate product fromwhich
finished Portland and masonry cement are made. Spe-
cifically, CO, iscreated when calcium carbonate (CaCOs)
is heated in a cement kiln to form lime and CO,. This
lime combines with other materials to produce clinker,
while the CO, is released into the atmosphere.

Lime Manufacture (3.7 MMTCE)

Limeis used in steel making, construction, pulp
and paper manufacturing, and water and sewage treat-
ment. It is manufactured by heating limestone (mostly
calcium carbonate, CaCO,) in akiln, creating calcium
oxide (quicklime) and CO,, which is normally emitted
to the atmosphere.

Limestone and Dolomite Use (2.4 MMTCE)

Limestone (CaCO,) and dolomite (CaCO;MgCOs)
are basic raw materials used by awide variety of indus-
tries, including the construction, agriculture, chemi-
cal, and metallurgical industries. For example, lime-
stone can be used as a purifier in refining metals. In the
case of iron ore, limestone heated in a blast furnace
reactswith impuritiesin theiron ore and fuels, generat-
ing CO, as aby-product. Limestoneisalso usedin flue
gas desulfurization systems to remove sulfur dioxide
from the exhaust gases.

Soda Ash Manufacture and
Consumption (1.2 MMTCE)

Commercial sodaash (sodium carbonate, Na,CO5)
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isused in many consumer products, such as glass, soap
and detergents, paper, textiles, and food. During the
manufacturing of soda ash, some natural sources of so-
dium carbonate are heated and transformed into acrude
sodaash, inwhich CO, is generated as aby-product. In
addition, CO, is often released when the soda ash is
consumed.

Carbon Dioxide Consumption (0.4 MMTCE)

Carbon dioxide is used directly in many segments
of the economy, including food processing, beverage
manufacturing, chemical processing, and a host of in-
dustrial and other miscellaneous applications. For the
most part, the CO, used in these applications is eventu-
ally released to the atmosphere.

Land-Use Change and Forestry

When humans alter the biosphere through changes
in land-use and forest management practices, they alter
the natural carbon flux between biomass, soils, and the
atmosphere. Improved forest management practices and
the regeneration of previously cleared forest areas have
resulted in anet uptake (sequestration) of carbonin U.S.
forest lands, which cover about 298 million hectares (737
million acres) (Powell et al. 1993). This uptake is an
ongoing result of land-use changes in previous decades.
For example, because of improved agricultural produc-
tivity and the widespread use of tractors, therate of clear-
ing forest land for crop cultivation and pasture slowed
greatly in the late 19th century, and by 1920 this prac-
tice had all but ceased. Asfarming expanded in the Mid-
west and West, large areas of previously cultivated land
in the East were brought out of crop production, prima-
rily between 1920 and 1950, and were allowed to revert
to forest land or were actively reforested.

Since the early 1950s, the managed growth of pri-
vate forest land in the East has nearly doubled the biom-
ass density there. The 1970s and 1980s saw aresurgence
of federally sponsored tree-planting programs (e.g., the
Forestry Incentive Program) and soil conservation pro-
grams (e.g., the Conservation Reserve Program), which
have focused on reforesting previously harvested lands,
improving timber-management, combating soil erosion,
and converting marginal cropland to forests.

In 1998, the CO, flux from land-use change and
forestry activities was estimated to have been a net up-
take of 210.8 MMTCE. This carbon was sequestered in
trees, understory, litter, soils in forests, wood products,
and wood in landfills. This net carbon uptake represents
an offset of about 14 percent of the CO, emissions from
fossil fuel combustion in 1998. The amount of carbon
sequestered through U.S. forestry and land-use practices
is estimated to have declined by about a third between
1990 and 1998, largely due to the maturation of exist-
ing forests and the slowed expansion of Eastern forest
cover and a gradual decrease in the rate of yard trim-
mings disposed in landfills. Dueto the lack of anational
survey of land use and management more recent than
1992, carbon flux estimates for non-forest mineral and
organic soils were not calculated for the 1993 through
1998 period. Therefore, carbon flux estimates from non-
forest soils are not included in the total fluxes reported.

Waste

Waste Combustion (3.5 MMTCE)

Waste combustion involvesthe burning of garbage
and non-hazardous solids, referred to as municipal solid
waste (MSW). In 1996, there were approximately 137
municipal waste combustion plants in operation within
the United States (EPA 1998a). Most of the organic (i.e.,
carbon) materialsin MSW are of biogenic origin. There-
fore, the CO, emissions from their combustion are re-
ported under the Land Use Change and Forestry Chap-
ter. However, one component plastics is of fossil fuel
origin, and is included as a source of CO, emissions.

Methane Emissions

Atmospheric methane (CH,) isan integral compo-
nent of the greenhouse effect, second only to CO, as a
contributor to anthropogenic greenhouse gas emissions.
Methane's overall contribution to global warmingissig-
nificant because it is estimated to be 21 times more ef-
fective at trapping heat in the atmosphere than CO, (i.e.,
the GWP value of methaneis21). Over thelast two cen-
turies, methane’s concentration in the atmosphere has
more than doubled (IPCC 1996). Experts believe these
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atmospheric increases were due largely to increasing
emissions from anthropogeni c sources, such aslandfills,
natural gas and petroleum systems, agricultural activi-
ties, coal mining, stationary and mobile combustion,
wastewater treatment, and certain industrial processes
(seeFigure ES-11 and Table ES-9).

Landfills

Figure ES-11
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Table ES-9: U.S. Sources of Methane Emissions (MMTCE)

Landfills are the largest single anthropogenic
source of methane emissionsin the United States. In an
environment where the oxygen content is low or nonex-
istent, organic materials, such as yard waste, household
waste, food waste, and paper, can be decomposed by
bacteria, resulting in the generation of methane and bio-
genic CO,. Methane emissionsfrom landfillsare affected
by site-specific factors such aswaste composition, mois-
ture, and landfill size.

Methane emissionsfrom U.S. landfillsin 1998 were
58.8 MMTCE, only a1 percent increase since 1990. The
relatively constant emission estimates are aresult of two
offsetting trends: (1) the amount of MSW in landfills
contributing to methane emissions hasincreased (thereby
increasing the potential for emissions); and (2) theamount
of landfill gas collected and combusted by landfill op-
erators has also increased (thereby reducing emissions).
Emissions from U.S. municipal solid waste landfills,
which received about 61 percent of the municipal solid
waste generated in the United States, accounted for 93
percent of total landfill emissions, whileindustrial land-
fillsaccounted for the remainder. Approximately 26 per-
cent of the methane generated in U.S. landfillsin 1998
was recovered and combusted, often for energy.

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
Landfills 58.2 58.1 59.1 59.6 59.9 60.5 60.2 60.2 58.8
Enteric Fermentation 32.7 32.8 33.2 33.7 34.5 34.9 345 34.2 33.7
Natural Gas Systems 33.0 334 33.9 34.6 34.3 34.0 34.6 34.1 33.6
Manure Management 15.0 15.5 16.0 17.1 18.8 19.7 204 221 22.9
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Petroleum Systems 7.4 7.5 7.2 6.9 6.7 6.7 6.5 6.5 6.3
Rice Cultivation 2.4 2.3 2.6 2.4 2.7 2.6 2.4 2.6 2.7
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3
Mobile Sources 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 04 04 0.4
Agricultural Residue Burning 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2
Silicon Carbide Production + + + + + + + + +
International Bunker Fuels* + + + + + + + + +
Total 1779 1777 1794 178.7 181.6 184.1 183.1 183.8 1809

+ Does not exceed 0.05 MMTCE
* Emissions from International Bunker Fuels are not included in totals.
Note: Totals may not sum due to independent rounding.
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A regulation promulgated in March 1996 requires
the largest U.S. landfills to begin collecting and com-
busting their landfill gas to reduce emissions of
NMVOCs. It isestimated that by the year 2000, thisregu-
lation will have reduced landfill methane emissions by
more than 50 percent.

Natural Gas and Petroleum Systems

Methane is the major component of natural gas.
During the production, processing, transmission, and dis-
tribution of natural gas, fugitive emissions of methane
often occur. Because natural gas is often found in con-
junction with petroleum deposits, leakage from petro-
leum systems is also a source of emissions. Emissions
vary greatly from facility to facility and are largely a
function of operation and maintenance procedures and
equipment conditions. In 1998, methane emissionsfrom
U.S. natural gas systems were estimated to be 33.6
MMTCE, accounting for approximately 19 percent of
U.S. methane emissions.

Petroleum is found in the same geological struc-
tures as natural gas, and the two are retrieved together.
Methane is al so saturated in crude oil, and volatilizes as
the ail is exposed to the atmosphere at various points
along the system. Methane emissions from the compo-
nents of petroleum systems including crude oil produc-
tion, crude oil refining, transportation, and distribution
generally occur as aresult of system leaks, disruptions,
and routine maintenance. In 1998, emissions from pe-
troleum systems were estimated to be 6.3 MMTCE, or
3.5 percent of U.S. methane emissions.

From 1990 to 1998, combined methane emissions
from natural gas and petroleum systems decreased by
about 1 percent. Emissionsfrom natural gas systemshave
remained fairly constant, while emissions from petro-
leum systems have declined gradually since 1990 pri-
marily due to production declines.

Coal Mining

Produced millions of years ago during the forma-
tion of coal, methane trapped within coal seams and sur-
rounding rock stratais released when the coal is mined.

The quantity of methane rel eased to the atmosphere dur-
ing coal mining operations depends primarily upon the
depth and type of the coal that is mined.

Methane from surface minesis emitted directly to
the atmosphere asthe rock strata overlying the coal seam
are removed. Because methane in underground minesis
explosive at concentrations of 5 to 15 percent in air,
most active underground mines are required to vent this
methane, typically to the atmosphere. At some mines,
methane-recovery systems may supplement these venti-
lation systems. U.S. recovery of methane has been in-
creasing in recent years. During 1998, coal mining ac-
tivities emitted 17.8 MM TCE of methane, or 10 percent
of U.S. methane emissions. From 1990 to 1998, emis-
sions from this source decreased by 26 percent due to
increased use of the methane collected by mine
degasification systems.

Agriculture

Agriculture accounted for 33 percent of U.S. meth-
ane emissions in 1998, with enteric fermentation in do-
mestic livestock and manure management accounting
for the majority. Other agricultural activities contribut-
ing directly to methane emissions included rice cultiva-
tion and agricultural waste burning.

Enteric Fermentation (33.7 MMTCE)

During animal digestion, methane is produced
through the process of enteric fermentation, in which
microbesresiding in animal digestive systemsbreak down
the feed consumed by the animal. Ruminants, which in-
clude cattle, buffalo, sheep, and goats, have the highest
methane emissions among all animal types because they
have arumen, or large fore-stomach, in which methane-
producing fermentation occurs. Non-ruminant domestic
animals, such as pigs and horses, have much lower meth-
ane emissions. In 1998, enteric fermentation was the
source of about 19 percent of U.S. methane emissions,
and more than half of the methane emissions from agri-
culture. From 1990 to 1998, emissions from this source
increased by 3 percent. Emissionsfrom enteric fermenta
tion have been decreasing since 1995, primarily due to
declining dairy cow and beef cattle populations.
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Manure Management (22.9 MMTCE)

The decomposition of organic animal wastein an
anaerobic environment produces methane. The most
important factor affecting the amount of methane pro-
duced is how the manure is managed, because certain
types of storage and treatment systems promote an oxy-
gen-free environment. In particular, liquid systemstend
to encourage anaerobic conditions and produce sig-
nificant quantities of methane, whereas solid waste man-
agement approaches produce little or no methane.
Higher temperatures and moist climatic conditions also
promote methane production.

Emissions from manure management were about
13 percent of U.S. methane emissions in 1998, and 38
percent of the methane emissionsfrom agriculture. From
1990 to 1998, emissions from this source increased by
53 percent—the largest increase of all the methane
source categories. The bulk of this increase was from
swine and dairy cow manure, and is attributed to the
shift in the composition of the swine and dairy indus-
tries towards larger facilities. Larger swine and dairy
farmstend to use liquid management systems. Thusthe
shift towards larger facilities is translated into an in-
creasing use of liquid systems, which in turn translates
to increased methane production.

Rice Cultivation (2.7 MMTCE)

Most of the world'srice, and al of therice in the
United States, is grown on flooded fields. When fields
are flooded, anaerobic conditions develop and the or-
ganic matter in the soil decomposes, releasing methane
to the atmosphere, primarily through the rice plants. In
1998, rice cultivation was the source of 1.5 percent of
U.S. methane emissions, and about 5 percent of U.S.
methane emissions from agriculture. Emission estimates
from this source have increased about 15 percent since
1990, due primarily to an increase in the area harvested.

Agricultural Residue Burning (0.2 MMTCE)
Burning crop residue releases a number of green-
house gases, including methane. Agricultural residue

burning is considered to be anet source of methane emis-
sionsbecause, unlike CO,, methanereleased during burn-
ing is not reabsorbed by crop regrowth during the next
growing season. Because field burning is not common
in the United States, it was responsible for only 0.1 per-
cent of U.S. methane emissionsin 1998.

Other Sources

Methane is also produced from several other
sources in the United States, including fuel combustion,
wastewater treatment, and someindustrial processes. Sta-
tionary and mobile combustion were responsible for
methane emissions of 2.3and 1.3 MMTCE, respectively,
in 1998. The mgjority of emissionsfrom stationary com-
bustion resulted from the burning of wood in the resi-
dential sector. The combustion of gasoline in highway
vehicles was responsiblefor the mgjority of the methane
emitted from mobile combustion. Wastewater treatment
was a smaller source of methane, emitting 0.9 MMTCE
in 1998. M ethane emissions from two industrial sources
petrochemical and silicon carbide production were also
estimated, totaling 0.4 MMTCE.

Nitrous Oxide Emissions

Nitrous oxide (N,O) is a greenhouse gas that is
produced both naturally—from a wide variety of bio-
logical sourcesin soil and water—and anthropogenically
by a variety of agricultural, energy-related, industrial,
and waste management activities. While N,O emissions
are much lower than CO, emissions, N,O is approxi-
mately 310 times more powerful than CO, at trapping
heat in the atmosphere (IPCC 1996). During the past two
centuries, atmospheric concentrations of N,O haverisen
by approximately 13 percent. The main anthropogenic
activities producing N,O in the United States were agri-
cultural soil management, fuel combustion in motor ve-
hicles, and adipic and nitric acid production (see Figure
ES-12 and Table ES-10).
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Figure ES-12
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Agricultural Soil Management

Nitrous oxide (N,O) is produced naturally in soils
through microbial processes of nitrification and denitri-
fication. A number of anthropogenic activities add to
the amount of nitrogen available to be emitted as N,O
by these microbial processes. Direct additions of nitro-
gen occur through the application of synthetic and or-
ganic fertilizers, cultivation of nitrogen-fixing crops,
cultivation of high-organic-content soils, the applica-
tion of livestock manure on croplands and pasture, the
incorporation of crop residuesin soils, and direct excre-
tion by animals onto soil. Indirect emissions result from

volatilization and subsequent atmospheric deposition
of ammonia(NH;) and oxides of nitrogen (NO,) and from
leaching and surface run-off. These indirect emissions
originate from nitrogen applied to soils as fertilizer and
from managed and unmanaged livestock wastes.

In 1998, agricultural soil management accounted
for 83.9 MMTCE, or 70 percent of U.S. N,O emissions.
From 1990 to 1998, emissionsfrom this sourceincreased
by 11 percent as fertilizer consumption and cultivation
of nitrogen fixing crops rose.

Fuel Combustion

Nitrous oxide is a product of the reaction that oc-
curs between nitrogen and oxygen during fuel combus-
tion. Both mobile and stationary combustion emit N,,O,
and the volume emitted varies according to the type of
fuel, technology, and pollution control device used, as
well as maintenance and operating practices. For ex-
ample, catalytic converters installed to reduce highway
vehicle pollution can result in the formation of N,O.

In 1998, N,O emissions from mobile combustion
totaled 17.2 MMTCE, or 14 percent of U.S. N,O emis-
sions. Emissions of N,O from stationary combustion
were 4.3 MMTCE, or 4 percent of U.S. N,O emissions.
From 1990 to 1998, combined N,O emissions from sta-
tionary and mobile combustion increased by 21 per-
cent, primarily dueto increased rates of N,O generation
in motor vehicles.

Table ES-10: U.S. Sources of Nitrous Oxide Emissions (MMTCE)

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
Agricultural Soil Management 75.3 76.3 78.2 77.3 83.5 80.4 82.4 84.2 83.9
Mobile Sources 13.8 14.6 15.7 16.5 17.1 17.4 17.5 17.3 17.2
Nitric Acid 49 49 5.0 5.1 5.3 5.4 5.6 5.8 5.8
Stationary Sources 3.8 3.8 39 39 4.0 4.0 4.2 4.2 4.3
Manure Management 3.4 3.6 3.5 3.7 3.8 3.7 3.8 3.9 4.0
Human Sewage 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.2
Adipic Acid 5.0 5.2 4.8 5.2 5.5 5.5 5.7 4.7 2.0
International Bunker Fuels™ 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total" 108.2 1105 1133 113.8 1215 118.8 1215 1224 1194

* Emissions from International Bunker Fuels are not included in totals.
Note: Totals may not sum due to independent rounding.
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Adipic Acid Production

The majority of the adipic acid produced in the
United States is used to manufacture nylon 6,6. Adipic
acid isalso used to produce some low-temperature lubri-
cants, and to add a “tangy” flavor to foods. Nitrous ox-
ide is emitted as a by-product of the chemical synthesis
of adipic acid.

In 1998, U.S. adipic acid plants emitted 2.0
MMTCE of N,O, or 2 percent of U.S. N,O emissions.
Since 1990, even though adipic acid production in-
creased, by 1998, all of the three major adipic acid plants
in the United States had voluntarily implemented N,O
abatement technology. As a result, emissions in 1998
decreased by 58 percent relative to the previous year.

Nitric Acid Production

Nitric acid production is another industrial source
of N,O emissions. Used primarily to make synthetic com-
mercial fertilizer, thisraw material isaso a major com-
ponent in the production of adipic acid and explosives.

Virtually all of the nitric acid manufactured in the
United States is produced by the oxidation of ammonia,
during which N,O is formed and emitted to the atmo-
sphere. In 1998, N,O emissions from nitric acid produc-
tion were 5.8 MMTCE, or 5 percent of U.S. N,O emis-
sions. From 1990 to 1998, emissions from this source
increased by 18 percent as nitric acid production grew.

Manure Management

Nitrous oxide is produced as part of microbial ni-
trification and denitrification processes in managed and
unmanaged manure, the latter of which isaddressed un-
der agricultural soil management. Total N,O emissions
from managed manure systemsin 1998 were4.0 MM TCE,
accounting for 3 percent of U.S. N,O emissions. Emis-
sions increased by 19 percent from 1990 to 1998.

Other Sources

Other sources of N,O included agricultural resi-
due burning, waste combustion, and human sewage in
wastewater treatment systems. In 1998, agricultural resi-

due burning and municipal solid waste combustion each
emitted approximately 0.1 MMTCE of N,O. Although
N,O emissions from wastewater treatment were not fully
estimated because of insufficient data availability, the
human sewage component of domestic wastewater re-
sulted in emissions of 2.2 MMTCE in 1998.

HFCs, PFCs and SF; Emissions

Hydrofluorocarbons (HFCs) and perfluorocarbons
(PFCs) are categories of synthetic chemicalsthat are be-
ing used as alternativesto the ozone depl eting substances
(ODSs), which are being phased out under the Montreal
Protocol and Clean Air Act Amendments of 1990. Be-
cause HFCs and PFCs do not directly deplete the strato-
spheric ozone layer, they are not controlled by the
Montreal Protocol.

These compounds, however, along with sulfur
hexafluoride (SFg), are potent greenhouse gases. In ad-
dition to having high global warming potentials, SFg
and many HFCs and PFCs have extremely long atmo-
spheric lifetimes, resulting in their essentialy irrevers-
ible accumulation in the atmosphere. Sulfur hexafluo-
ride, itself, is the most potent greenhouse gas the IPCC
has evaluated.

In addition to their use as substitutes for ozone
depleting substances, the other emissive sources of these
gases are aluminum production, HCFC-22 production,
semiconductor manufacturing, electrical transmission
and distribution, and magnesium production and pro-
cessing. Figure ES-13 and Table ES-11 present emission
estimates for HFCs, PFCs, and SFg, which totaled 40.3
MMTCE in 1998.

Substitution of Ozone
Depleting Substances

The use and subsequent emissions of HFCs and
PFCs as ODS substitutes increased dramatically from
small amounts in 1990 to 14.5 MMTCE in 1998. This
increase was the result of efforts to phase-out CFCs and
other ODSsin the United States, especially theintroduc-
tion of HFC-134a as a CFC substitute in refrigeration
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Figure ES-13
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applications. Thistrend isexpected to continue for many
years, and will accelerate in the early part of the next
century as HCFCs, which areinterim substitutesin many
applications, are themselves phased-out under the pro-
visions of the Copenhagen Amendmentsto the Montreal
Protocol.

Other Industrial Sources

HFCs, PFCs, and Sk are also emitted from anum-
ber of other industrial processes. During the production
of primary aluminum, two PFCs—CF, and C,F—are
emitted as intermittent by-products of the smelting pro-

Table ES-11: Emissions of HFCs, PFCs, and SFg (MMTCE)

cess. Emissions from aluminum production were esti-
mated to have decreased by 48 percent between 1990
and 1998 due to voluntary emission reduction efforts by
the industry and falling domestic aluminum production.

HFC-23 is a by-product emitted during the pro-
duction of HCFC-22. Emissions from this source were
10.9 MMTCE in 1998, and have increased by 15 per-
cent since 1990. This increase is attributable to the 30
percent increase in HCFC-22 production that has oc-
curred since 1990; one third of this increase occurred
between 1997 and 1998. The intensity of HFC-23 emis-
sions (i.e., the amount of HFC-23 emitted per kilogram
of HCFC-22 manufactured), however, has declined sig-
nificantly since 1990.

The semiconductor industry uses combinations of
HFCs, PFCs, SF¢ and other gasesfor plasmaetching and
chemical vapor deposition processes. For 1998, it was
estimated that the U.S. semiconductor industry emitted
atotal of 2.1 MMTCE. Emissions from this source cat-
egory have increased with the growth in the semicon-
ductor industry and the rising intricacy of chip designs.

The primary use of SF;isasadielectricin electri-
cal transmission and distribution systems. Fugitive emis-
sions of SF; occur from leaksin and servicing of substa-
tions and circuit breakers, especially from older equip-
ment. Estimated emissionsfrom this sourceincreased by
25 percent from 1990, to 7.0 MMTCE in 1998.

Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
Substitution of Ozone

Depleting Substances 0.3 0.2 04 1.4 2.7 7.0 9.9 12.3 14.5
Aluminum Production 54 4.7 4.4 3.8 3.2 3.1 3.2 3.0 2.8
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 7.4 8.5 82 109
Semiconductor Manufacture 0.8 0.8 0.8 1.0 1.1 1.5 1.9 1.9 2.1
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0 3.0
Total 23.3 22.0 23.5 23.8 25.1 29.0 33.5 35.3 403

Note: Totals may not sum due to independent rounding.
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Box ES-4: Emissions of 0zone Depleting Substances

Chlorofluorocarbons (CFCs) and other halogenated compounds were first emitted into the atmosphere this century. This family of
man-made compounds includes CFCs, halons, methyl chloroform, carbon tetrachloride, methyl bromide, and hydrochlorofluorocarbons
(HCFCs). These substances have been used in a variety of industrial applications, including refrigeration, air conditioning, foam
blowing, solvent cleaning, sterilization, fire extinguishing, coatings, paints, and aerosols.

Because these compounds have been shown to deplete stratospheric ozone, they are typically referred to as ozone depleting
substances (ODSs). However, they are also potent greenhouse gases.

Recognizing the harmful effects of these compounds on the ozone layer, in 1987 many governments signed the Montreal
Protocol on Substances that Deplete the Ozone Layer to limit the production and importation of a number of CFCs and other
halogenated compounds. The United States furthered its commitment to phase-out ODSs by signing and ratifying the Copenhagen
Amendments to the Montreal Protocol in 1992. Under these amendments, the United States committed to ending the production and
importation of halons by 1994, and CFCs by 1996.

The IPCC Guidelines do not include reporting instructions for estimating emissions of ODSs because their use is being phased-out
under the Montreal Protocol. The United States believes, however, that a greenhouse gas emissions inventory is incomplete without
these emissions; therefore, estimates for several Class | and Class Il 0DSs are provided in Table ES-12. Compounds are grouped by
class according to their ozone depleting potential. Class | compounds are the primary 0DSs; Class I compounds include partially
halogenated chlorine compounds (i.e., HCFCs), some of which were developed as interim replacements for CFCs. Because these
HCFC compounds are only partially halogenated, their hydrogen-carbon bonds are more vulnerable to oxidation in the troposphere
and, therefore, pose only one-tenth to one-hundredth the threat to stratospheric ozone compared to CFCs.

It should be noted that the effects of these compounds on radiative forcing are not provided. Although many ODSs have relatively
high direct GWPs, their indirect effects from ozone also a greenhouse gas destruction are believed to have negative radiative forcing
effects, and therefore could significantly reduce the overall magnitude of their radiative forcing effects. Given the uncertainties
surrounding the net effect of these gases, emissions are reported on an unweighted basis.

Table ES-12: Emissions of 0zone Depleting Substances (Gg)

Compound 1990 1991 1992 1993 1994 1995 1996 1997 1998
Class |
CFC-11 53.5 48.3 451 454 36.6 36.2 26.6 25.1 24.9
CFC-12 1126  103.5 80.5 79.3 57.6 51.8 35.5 23.1 21.0
CFC-113 26.4 20.6 17.1 17.1 8.6 8.6 + + +
CFC-114 4.7 3.6 3.0 3.0 1.6 1.6 0.3 0.1 0.1
CFC-115 4.2 4.0 3.8 3.6 3.3 3.0 3.2 2.9 2.7
Carbon Tetrachloride 32.3 31.0 21.7 18.6 15.5 4.7 + + +
Methyl Chloroform 158.3 154.7  108.3 92.9 77.4 46.4 + + +
Halon-1211 1.0 1.1 1.0 1.1 1.0 1.1 1.1 1.1 1.1
Halon-1301 1.8 1.8 1.7 1.7 1.7 1.8 1.9 1.9 1.9
Class Il
HCFC-22 79.8 79.5 79.5 71.2 71.4 72.3 73.2 74.2 751
HCFC-123 + + 0.3 0.3 0.5 0.6 0.7 0.8 0.9
HCFC-124 + + 0.4 2.6 4.8 52 5.6 59 6.1
HCFC-141b + + + 5.0 12.4 20.6 25.4 25.1 26.7
HCFC-142b + + 0.7 1.7 4.6 7.3 8.3 8.7 9.0
HCFC-225ca/ch + + + + + + + + +
Source: EPA

+ Does not exceed 0.05 Gg
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Lastly, SFsisalso used asaprotective covergasfor
the casting of molten magnesium. Estimated emissions
from primary magnesium production and magnesium cast-
ing were 3.0 MMTCE in 1998, an increase of 76 percent
since 1990.

Criteria Pollutant Emissions

In the United States, carbon monoxide (CO), nitro-
gen oxides (NO,), nonmethane volatile organic com-
pounds (NMVOCs), and sulfur dioxide (SO,) are com-
monly referred to as “criteria pollutants,” as termed in
the Clean Air Act. Criteria pollutants do not have adirect
global warming effect, but indirectly affect terrestrial ra-
diation absorption by influencing the formation and de-
struction of tropospheric and stratospheric ozone, or, in
the case of SO,, by affecting the absorptive characteris-
tics of the atmosphere. Carbon monoxide is produced
when carbon-containing fuels are combusted incom-
pletely. Nitrogen oxides (i.e.,, NO and NO,) are created
by lightning, fires, fossil fuel combustion, and in the
stratosphere from nitrous oxide (N,O). NMVOCswhich
include such compounds as propane, butane, and ethane
areemitted primarily from transportation, industrial pro-
cesses, and non-industrial consumption of organic sol-
vents. Inthe United States, SO, isprimarily emitted from
the combustion of fossil fuelsand by the metalsindustry.

Box ES-5: Sources and Effects of Sulfur Dioxide

In part because of their contribution to the forma-
tion of urban smog—and acid rain in the case of SO, and
NO,—criteria pollutants are regulated under the Clean
Air Act. These gases also indirectly affect the global cli-
mate by reacting with other chemical compounds in the
atmosphereto form compoundsthat are greenhouse gases.
Unlike other criteria pollutants, SO, emitted into the at-
mosphere is believed to affect the Earth’s radiative bud-
get negatively; therefore, it is discussed separately.

One of the most important indirect climate change
effects of criteria pollutants is their role as precursors
for tropospheric ozone formation. They can also alter
the atmospheric lifetimes of other greenhouse gases.
For example, CO interacts with the hydroxyl radical
the major atmospheric sink for methane emissions to
form CO,,. Therefore, increased atmospheric concentra-
tions of CO limit the number of hydroxyl molecules
(OH) available to destroy methane.

Since 1970, the United States has published esti-
mates of annual emissions of criteria pollutants (EPA
1999).° Table ES-13 shows that fuel combustion ac-
counts for the majority of emissions of these gases. In-
dustrial processes such as the manufacture of chemical
and allied products, metals processing, and industrial
uses of solvents are also significant sources of CO, NO,
and NMVOCs.

Sulfur dioxide (SO,) emitted into the atmosphere through natural and anthropogenic processes affects the Earth’s radiative budget
through its photochemical transformation into sulfate aerosols that can (1) scatter sunlight back to space, thereby reducing the
radiation reaching the Earth’s surface; (2) affect cloud formation; and (3) affect atmospheric chemical composition (e.g., strato-
spheric ozone, by providing surfaces for heterogeneous chemical reactions). The overall effect of SO, derived aerosols on radiative
forcing is believed to be negative (IPCC 1996). However, because SO, is short-lived and unevenly distributed in the atmosphere, its

radiative forcing impacts are highly uncertain.

Sulfur dioxide is also a major contributor to the formation of urban smog, which can cause significant increases in acute and
chronic respiratory diseases. Once SO, is emitted, it is chemically transformed in the atmosphere and returns to the Earth as the primary
source of acid rain. Because of these harmful effects, the United States has regulated SO, emissions in the Clean Air Act.

Electric utilities are the largest source of SO, emissions in the United States, accounting for 62 percent in 1998. Coal combustion
contributes nearly all of those emissions (approximately 96 percent). Sulfur dioxide emissions have decreased in recent years, primarily
as a result of electric utilities switching from high sulfur to low sulfur coal.

9 NO, and CO emission estimates from agricultural residue burning were estimated separately, and therefore not taken from EPA

(1999).
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Table ES-13: Emissions of NO,, CO, NMVOCs, and SO, (Gg)

Gas/Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
NO, 21,798 21,936 22,176 22,398 22,683 22,177 22,034 22,153 22,066
Stationary Combustion 9,884 9,779 9,914 10,080 9,993 9,822 9,553 9,728 9,719
Mobile Combustion 10,744 11,132 11,224 11,294 11,508 11,294 11,261 11,289 11,184
Oil and Gas Activities 139 110 134 111 106 100 121 121 122
Industrial Processes 921 802 785 774 939 842 979 890 915
Solvent Use 1 2 2 2 2 3 3 3 2
Agricultural Residue Burning 26 26 29 23 32 27 30 32 34
Waste 83 86 87 112 103 89 87 89 90
co 85,394 87,485 84,589 84,716 88,911 80,093 82,028 79,284 78,082
Stationary Combustion 4,999 5313 5,583 5,068 5,007 5383 5405 4,455 4,491
Mobile Combustion 68,985 73,177 71,543 72,210 74,057 67,433 66,674 65301 63,780
Oil and Gas Activities 302 313 337 337 307 316 287 292 296
Industrial Processes 9,502 7,088 5,401 5421 7,708 5291 7,899 7,432 7,669
Solvent Use 4 4 5 4 5 5 5 5 5
Agricultural Residue Burning 623 578 688 544 7 590 675 704 733
Waste 979 1,012 1,032 1,133 1,111 1,075 1,083 1,095 1,107
NMVOCs 18,795 18,929 18,527 18,708 19,290 18,613 17,624 17,469 17,011
Stationary Combustion 912 975 1,011 901 898 973 951 770 776
Mobile Combustion 8,037 8,239 7,862 7919 8223 7,621 7,398 7,169 7,065
Oil and Gas Activities 555 581 574 588 587 582 459 461 464
Industrial Processes 3,179 2,983 2,811 2,893 3,043 2,859 2,859 3,002 3,066
Solvent Use 5,217 5,245 5353 5458 5590 5609 5569 5,672 5,239
Agricultural Residue Burning NA NA NA NA NA NA NA NA NA
Waste 895 907 916 949 949 968 388 394 400
S0, 21,465 20,903 20,689 20,381 19,840 17,401 18,695 19,216 19,441
Stationary Combustion 18,407 17,959 17,684 17,459 17,134 14,724 15981 16,458 16,635
Mobile Combustion 1,322 1,373 1,402 1,351 1,172 1,183 1,208 1,235 1,261
Oil and Gas Activities 390 343 377 347 344 334 300 301 303
Industrial Processes 1,306 1,187 1,186 1,159 1,135 1,117 1,167 1,184 1,204
Solvent Use + + + 1 1 1 + 1 1
Agricultural Residue Burning NA NA NA NA NA NA NA NA NA
Waste 38 40 40 65 54 43 37 37 38

Source: (EPA 1999) except for estimates from agricultural residue burning.
+ Does not exceed 0.5 Gg

NA (Not Available)

Note: Totals may not sum due to independent rounding.
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1. Introduction

This report presents estimates by the United States government of U.S. anthropogenic greenhouse gas emis
sionsand sinksfor theyears 1990 through 1998. A summary of these estimatesis provided in Table 1-4 and
Table 1-5 by gas and source category. The emission estimates in these tables are presented on both a full molecular
mass basis and on a Global Warming Potential (GWP) weighted basis in order to show the relative contribution of
each gas to global average radiative forcing.>:? This report also discusses the methods and data used to calculate
these emission estimates.

In June of 1992, the United States signed the United Nations Framework Convention on Climate Change
(UNFCCC). The objective of the UNFCCC is “to achieve...stabilization of greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic interference with the dlimate system.” 34

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make
available...nationa inventories of anthropogenic emissions by sources and removals by sinks of al greenhouse
gases not controlled by the Montreal Protocol, using comparable methodologies...”> The United States views this
report as an opportunity to fulfill this commitment under UNFCCC.

In 1988, preceding the creation of the UNFCCC, the Intergovernmental Panel on Climate Change (IPCC) was
jointly established by theWorld Meteorological Organization (WM O) and the United Nations Environment Programme
(UNEP). The charter of the IPCC isto assess available scientific information on climate change, assess the environ-
mental and socio-economic impacts of climate change, and formulate response strategies (IPCC 1996). Under
Working Group 1 of the IPCC, nearly 140 scientists and national expertsfrom more than thirty countries corroborated
in the creation of the Revised 1996 IPCC Guidelinesfor National Greenhouse Gas Inventories (IPCC/UNEP/OECD/
IEA 1997) to ensure that the emission inventories submitted to the UNFCCC are consistent and comparable between
nations. The Revised 1996 IPCC Guidelines were accepted by the IPCC at its Twelfth Session (Mexico City, 11-13
September 1996). The information provided in this inventory is presented in accordance with these guidelines.

1 See the section below entitled Global Warming Potentials for an explanation of GWP values.
2 See the section below entitled What is Climate Change? for an explanation of radiative forcing.

3 The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities
or are the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).

4 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change. See
<http://www.unfccc.de>.

5 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12). See <http://www.unfccc.de>.
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Additionally, in order to fully comply with the Revised
1996 IPCC Guidelines, the United States has provided
estimates of carbon dioxide emissions from fossil fuel
combustion using the IPCC Reference Approach in An-
nex O.

Overall, the purpose of an inventory of anthropo-
genic greenhouse gas emissionsis (1) to provide abasis
for the ongoing development of methodologies for esti-
mating sources and sinks of greenhouse gases; (2) to
provide a common and consistent mechanism through
which Parties to the UNFCCC can estimate emissions
and compare the relative contribution of individual
sources, gases, and nations to climate change; and (3) as
aprerequisite for accounting for reductions and eval uat-
ing possible mitigation strategies.

What is Climate Change?

Climate change refersto long-term fluctuationsin
temperature, precipitation, wind, and other elements of
the Earth’s climate system.® Natural processes such as
solar-irradiance variations, variations in the Earth’s or-
bital parameters,” and volcanic activity can produce
variations in climate. The climate system can aso be
influenced by changes in the concentration of various
gasesin the atmosphere, which affect the Earth’s absorp-
tion of radiation.

The Earth naturally absorbs and reflectsincoming
solar radiation and emits longer wavelength terrestrial
(thermal) radiation back into space. On average, the
absorbed solar radiation is balanced by the outgoing
terrestrial radiation emitted to space. A portion of this
terrestrial radiation, though, isitself absorbed by gases
inthe atmosphere. The energy from thisabsorbed terres-
trial radiation warmsthe Earth’s surface and atmosphere,
creating what is known as the “natural greenhouse ef-
" Without the natural heat-trapping properties of
these atmospheric gases, the average surface tempera-
ture of the Earth would be about 34°C lower (IPCC 1996).

fect.

Under the UNFCCC, the definition of climate
change is “a change of climate which is attributed di-
rectly or indirectly to human activity that altersthe com-
position of the global atmosphere and which isin addi-
tion to natural climate variability observed over compa-
rable time periods.”® Given that definition, in its 1995
assessment of the science of climate change, the IPCC
concluded that:

Human activities are changing the atmospheric
concentrations and distributions of greenhouse
gases and aerosols. These changes can pro-
duce a radiative forcing by changing either
the reflection or absorption of solar radiation,
or the emission and absorption of terrestrial
radiation (IPCC 1996).

The IPCC went on to report in its assessment that
the“[g]lobal mean surface temperature [of the Earth] has
increased by between about 0.3 and 0.6 °C since thelate
19" century...” (IPCC 1996) and finally concluded with
the following statement:

Our ability to quantify the human influence on
global climate is currently limited because the
expected signal is still emerging from the noise
of natural variability, and because there are
uncertaintiesin key factors. These include the
magnitude and patterns of long term natural
variability and the time-evolving pattern of forc-
ing by, and response to, changes in concentra-
tions of greenhouse gases and aerosols, and
land surface changes. Nevertheless, the bal-
ance of the evidence suggests that there is a
discernable human influence on global climate
(IPCC 1996).

Greenhouse Gases

Although the Earth’s atmosphere consists mainly
of oxygen and nitrogen, neither plays a significant role
in enhancing the greenhouse effect because both are es-
sentially transparent to terrestrial radiation. The green-
house effect is primarily afunction of the concentration
of water vapor, carbon dioxide, and other trace gasesin
the atmosphere that absorb the terrestrial radiation leav-

6 The Earth’s climate system comprises the atmosphere, oceans, biosphere, cryosphere, and geosphere.

7 For example, eccentricity, precession, and inclination.

8 Article 1 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.
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ing the surface of the Earth (IPCC 1996). Changesinthe
atmospheric concentrations of these greenhouse gases
can alter the balance of energy transfers between the
atmosphere, space, land, and the oceans. A gauge of
these changes is called radiative forcing, which is a
simple measure of changesin the energy availableto the
Earth-atmosphere system (IPCC 1996). Holding every-
thing else constant, increases in greenhouse gas concen-
trations in the atmosphere will produce positive radia-
tive forcing (i.e., a net increase in the absorption of en-
ergy by the Earth).

Climate change can be driven by changes in
the atmospheric concentrations of a number of
radiatively active gases and aerosols. e have
clear evidence that human activities have af-
fected concentrations, distributions and life
cycles of these gases (IPCC 1996).

Naturally occurring greenhouse gases include wa-
ter vapor, carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,0), and ozone (O;). Several classes of haloge-
nated substances that contain fluorine, chlorine, or bro-
mine are also greenhouse gases, but they are, for the
most part, emitted solely by human activities. Chlorof-
luorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs) are halocarbons that contain chlorine, while
halocarbons that contain bromine are referred to as
halons. Other fluorine containing halogenated sub-
stances include hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), and sulfur hexafluoride (SFg).
There are also several gases that, although they do not
have a direct radiative forcing effect, do influence the
formation and destruction of ozone, which does have
such aterrestrial radiation absorbing effect. These gases
referred to here as ozone precursorsinclude carbon mon-
oxide (CO), oxides of nitrogen (NO,), and nonmethane
volatile organic compounds (NMVOCs).® Aerosols ex-
tremely small particlesor liquid droplets often produced
by emissions of sulfur dioxide (SO,) can also affect the
absorptive characteristics of the atmosphere.

Carbon dioxide, methane, and nitrous oxide are
continuously emitted to and removed from the atmo-
sphere by natural processes on Earth. Anthropogenic

9 Also referred to in the U.S. Clean Air Act as “criteria pollutants”

activities, however, can cause additional quantities of
these and other greenhouse gases to be emitted or se-
guestered, thereby changing their global average atmo-
spheric concentrations. Natural activities such as respi-
ration by plants or animals and seasonal cycles of plant
growth and decay are examples of processes that only
cycle carbon or nitrogen between the atmosphere and
organic biomass. Such processes except when directly
or indirectly perturbed out of equilibrium by anthropo-
genic activities generally do not alter average atmo-
spheric greenhouse gas concentrations over decadal
timeframes. Climatic changes resulting from anthropo-
genic activities, however, could have positive or nega-
tive feedback effects on these natural systems.

A brief description of each greenhouse gas, its
sources, and its role in the atmosphere is given below.
The following section then explains the concept of Glo-
bal Warming Potentials (GWPs), which are assigned to
individual gases as a measure of their relative average
global radiative forcing effect.

Water Vapor (H,O). Overall, the most abundant
and dominant greenhouse gasin the atmosphere iswater
vapor. Water vapor is neither long-lived nor well mixed
in the atmosphere, varying spatially from 0 to 2 percent
(IPCC 1996). In addition, atmospheric water can exist
in several physical states including gaseous, liquid, and
solid. Human activities are not believed to directly af-
fect the average global concentration of water vapor;
however, the radiative forcing produced by theincreased
concentrations of other greenhouse gases may indirectly
affect the hydrologic cycle. A warmer atmosphere has
an increased water holding capacity; yet, increased con-
centrations of water vapor affectstheformation of clouds,
which can both absorb and reflect solar and terrestrial
radiation. Aircraft contrails, which consist of water va-
por and other aircraft emittants, are similar to cloudsin
their radiative forcing effects (IPCC 1999).

Carbon Dioxide (CO,). Innature, carboniscycled
between various atmospheric, oceanic, land biotic, ma-
rine biotic, and mineral reservoirs. The largest fluxes
occur between the atmosphere and terrestrial biota, and
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between the atmosphere and surface water of the oceans.
In the atmosphere, carbon predominantly exists in its
oxidized form as CO,. Atmospheric carbon dioxide is
part of thisglobal carbon cycle, and thereforeitsfateisa
complex function of geochemical and biological pro-
cesses. Carbon dioxide concentrations in the atmo-
sphere, as of 1994, increased from approximately 280
parts per million by volume (ppmv) in pre-industrial'®
timesto 358 ppmv, a 28 percent increase (IPCC 1996).1
The IPCC has stated that “[t]here is no doubt that this
increase islargely due to human activities, in particul ar
fossil fuel combustion...” (IPCC 1996). Forest clearing,
other biomass burning, and some non-energy produc-
tion processes (e.g., cement production) also emit no-
table quantities of carbon dioxide.

In its latest scientific assessment, the IPCC also
stated that “[t]he increased amount of carbon dioxide
[in the atmosphere] is leading to climate change and
will produce, on average, aglobal warming of the Earth’s
surface because of its enhanced greenhouse effect al-
though the magnitude and significance of the effects are
not fully resolved” (IPCC 1996).

Methane (CH,). Methane is primarily produced
through anaerobic decomposition of organic matter in
biological systems. Agricultural processes such as wet-
land rice cultivation, enteric fermentation in animals,
and the decomposition of animal wastes emit CH,, as
doesthe decomposition of municipal solid wastes. Meth-
ane is also emitted during the production and distribu-
tion of natural gas and petroleum, and is released as a
by-product of coal mining and incomplete fossil fuel
combustion. The average global concentration of meth-
ane in the atmosphere was 1,720 parts per billion by
volume (ppbv) in 1994, a 145 percent increase from the
pre-industrial concentration of 700 ppbv (IPCC 1996).

It isestimated that 60 to 80 percent of current CH, emis-
sions are the result of anthropogenic activities. Carbon
isotope measurements indicate that roughly 20 percent
of methane emissions are from fossil fuel consumption,
and an equal percentage is produced by natural wet-
lands, which will likely increase with rising tempera-
tures and rising microbial action (IPCC 1996).

Methane is removed from the atmosphere by re-
acting with the hydroxy! radical (OH) and is ultimately
converted to CO,. Increasing emissions of methane,
though, reduces the concentration of OH, and thereby
the rate of further methane removal (IPCC 1996).

Nitrous Oxide (N,O). Anthropogenic sources of
N,O emissions include agricultural soils, especially the
use of synthetic and manure fertilizers; fossil fuel com-
bustion, especially from mobile combustion; adipic (ny-
lon) and nitric acid production; wastewater treatment
and waste combustion; and biomass burning. The atmo-
spheric concentration of nitrous oxide (N,O) in 1994
was about 312 parts per billion by volume (ppbv), while
pre-industrial concentrations were roughly 275 ppbv.
The majority of this 13 percent increase has occurred
after the pre-industrial period and is most likely due to
anthropogenic activities (IPCC 1996). Nitrous oxideis
removed from the atmosphere primarily by the photolytic
action of sunlight in the stratosphere.

Ozone (O3). Ozone is present in both the upper
stratosphere,™® where it shields the Earth from harmful
levels of ultraviolet radiation, and at lower concentra-
tions in the troposphere,'® where it is the main compo-
nent of anthropogenic photochemical “smog.” During
the last two decades, emissions of anthropogenic chlo-
rine and bromine-containing hal ocarbons, such as chlo-
rofluorocarbons (CFCs), have depleted stratospheric
ozone concentrations. This loss of ozone in the strato-

10 The pre-industrial period is considered as the time preceding the year 1750 (IPCC 1996).

1 carbon dioxide concentrations during the last 1,000 years of the pre-industrial period (i.e., 750-1750), a time of relative climate
stability, fluctuated by about +10 ppmv around 280 ppmv (IPCC 1996).

2 The stratosphere is the layer from the troposphere up to roughly 50 kilometers. In the lower regions the temperature is nearly
constant but in the upper layer the temperature increases rapidly because of sunlight absorption by the ozone layer. The ozone-layer
is the part of the stratosphere from 19 kilometers up to 48 kilometers where the concentration of ozone reaches up to 10 parts per
million.

13 The troposphere is the layer from the ground up to 11 kilometers near the poles and up to 16 kilometers in equatorial regions (i.e.,
the lowest layer of the atmosphere where people live). It contains roughly 80 percent of the mass of all gases in the atmosphere and
is the site for most weather processes, including most of the water vapor and clouds.
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sphere has resulted in negative radiative forcing, repre-
senting an indirect effect of anthropogenic emissions of
chlorine and bromine compounds (IPCC 1996).

Tropospheric ozone, which is also a greenhouse
gas, is produced from the oxidation of methane and
from reactions with precursor gases such as carbon mon-
oxide (CO), nitrogen oxides (NO,), and non-methane
volatile organic compounds (NMVOCSs). This latter
group of ozone precursors is included in the category
referred to as “ criteria pollutants” in the United States
under the Clean Air Act and its subsequent amend-
ments. The tropospheric concentrations of both ozone
and these precursor gases are short-lived and, there-
fore, spatially variable.

Halocarbons, Perfluorocarbons, and Sulfur
Hexafluoride (SF5). Halocarbonsare, for the most part,
man-made chemicals that have both direct and indirect
radiative forcing effects. Halocarbonsthat contain chlo-
rine chlorofluorocarbons (CFCs), hydrochlorofluoro-
carbons (HCFCs), methyl chloroform, and carbon tetra-
chloride and bromine halons, methyl bromide, and
hydrobromofluorocarbons (HBFCs) result in strato-
spheric ozone depletion and are therefore controlled
under the Montreal Protocol on Substances that De-
plete the Ozone Layer. Although CFCs and HCFCs
include potent global warming gases, their net radia-
tive forcing effect on the atmosphere is reduced be-
cause they cause stratospheric ozone depletion, which
is itself an important greenhouse gas in addition to
shielding the Earth from harmful levels of ultraviolet
radiation. Under the Montreal Protocol, the United
States phased out the production and importation of
halons by 1994 and of CFCs by 1996. Under the
Copenhagen Amendments to the Protocol, a cap was
placed on the production and importation of HCFCs
by non-Article 5 countries beginning in 1996, and
then followed by acomplete phase-out by the year 2030.
The ozone depl eting gases covered under the Montreal

14 142 U.S.C 87408, CAA §108]

Protocol and its Amendments are not covered by the
UNFCCC; however, they are reported in thisinventory
under Annex L.

Hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), and sulfur hexafluoride (SFg) are not ozone de-
pleting substances, and therefore are not covered un-
der the Montreal Protocol. They are, however, power-
ful greenhouse gases. HFCs primarily used as replace-
ments for ozone depleting substances but also emitted
asaby-product of the HCFC-22 manufacturing process
currently have a small aggregate radiative forcing im-
pact; however, it is anticipated that their contribution
to overall radiative forcing will increase (IPCC 1996).
PFCs and SF are predominantly emitted from various
industrial processesincluding aluminum smelting, semi-
conductor manufacturing, electric power transmission
and distribution, and magnesium casting. Currently,
the radiative forcing impact of PFCs, and SF; is also
small; however, because they have extremely long at-
mospheric lifetimes, their concentrations tend to irre-
versibly accumulate in the atmosphere.

Carbon Monoxide (CO). Carbon monoxide has
an indirect radiative forcing effect by elevating con-
centrations of CH, and tropospheric ozone through
chemical reactionswith other atmospheric constituents
(e.g., the hydroxyl radical) that would otherwise assist
in destroying CH, and tropospheric ozone. Carbon
monoxide is created when carbon-containing fuels are
burned incompletely. Through natural processesin the
atmosphere, it is eventually oxidized to CO,. Carbon
monoxide concentrations are both short-lived in the
atmosphere and spatially variable.

Nitrogen Oxides (NO,). The primary climate
change effects of nitrogen oxides (i.e., NO and NO,) are
indirect and result from their rolein promoting the for-
mation of ozone in the troposphere and, to a lesser de-
gree, lower stratosphere, whereit has positive radiative
forcing effects. (NO, emissions injected higher in the
stratosphere'® can lead to stratospheric ozone deple-

15 Article 5 of the Montreal Protocol covers several groups of countries, especially developing countries, with low consumption rates
of ozone depleting substances. Developing countries with per capita consumption of less than 0.3 kg of certain ozone depleting
substances (weighted by their ozone depleting potential) receive financial assistance and a grace period of ten additional years in the

phase-out of ozone depleting substances.

16 Primarily from fuel combustion emissions from high altitude supersonic aircraft.
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tion.) Additionally, NO, emissionsfrom aircraft are ex-
pected to decrease methane concentrations, thus having
a negative radiative forcing effect (IPCC 1999). Nitro-
gen oxides are created from lightning, soil microbial
activity, biomass burning—both natural and anthropo-
genic fires—fuel combustion, and, in the stratosphere,
from nitrous oxide (N,O). Concentrations of NO, are
both relatively short-lived in the atmosphere and spa-
tially variable.

Nonmethane Volatile Organic Compounds
(NMVOCs). Nonmethane volatile organic compounds
include compounds such as propane, butane, and ethane.
These compounds participate, along with NO,, in the
formation of tropospheric ozone and other photochemi-
cal oxidants. NMVOCsareemitted primarily from trans-
portation and industrial processes, as well as biomass
burning and non-industrial consumption of organic sol-
vents. Concentrations of NMVOCstend to be both short-
lived in the atmosphere and spatially variable.

Aerosols. Aerosols are extremely small particles
or liquid droplets found in the atmosphere. They can be
produced by natural events such as dust storms and vol-
canic activity or by anthropogenic processes such as
fuel combustion. Their effect upon radiative forcing is
to both absorb radiation and to alter cloud formation,
thereby affecting the reflectivity (i.e., albedo) of the
Earth. Aerosolsareremoved from the atmosphere prima-
rily by precipitation, and generally have short atmo-
spheric lifetimes. Like ozone precursors, aerosol con-
centrations and composition vary by region (IPCC 1996).

Anthropogenic aerosolsin the troposphere are pri-
marily the result of sulfur dioxide (SO,)’ emissionsfrom
fossil fuel and biomass burning. Overall, aerosols tend
to produce a negative radiative forcing effect (i.e., net
cooling effect on the climate), although because they
are short-lived in the atmosphere lasting days to weeks
their concentrations respond rapidly to changesin emis-
sions.’® Locally, the negative radiative forcing effects
of aerosols can offset the positive forcing of greenhouse
gases (IPCC 1996). “However, the aerosol effectsdo not

cancel the global-scale effects of the much longer-lived
greenhouse gases, and significant climate changes can
till result” (IPCC 1996). Emission estimates for sulfur
dioxide are provided in Annex M of this report.

Global Warming Potentials

A Global Warming Potential (GWP) isintended as
a quantified measure of the globally averaged relative
radiative forcing impacts of a particular greenhouse gas
(seeTable 1-1). It isdefined asthe cumulative radiative
forcing both direct and indirect effects over a specified
time horizon resulting from the emission of a unit mass
of gas relative to some reference gas (IPCC 1996). Di-
rect effects occur when the gasitself isagreenhouse gas.
Indirect radiative forcing occurs when chemical trans-
formations involving the original gas produces a gas or
gases that are greenhouse gases, or when a gas influ-
ences the atmospheric lifetimes of other gases. Theref-
erence gas used is CO,, and therefore GWP weighted
emissions are measured in million metric tons of carbon
equivalents (MMTCE). Carbon comprises 12/44"s of
carbon dioxide by weight. The relationship between
gigagrams (Gg) of agas and MMTCE can be expressed
asfollows:

MMTCE = (Ggof gas)x %M% (Gwp)xH2F
,000 Gg M4 T

where,
MMTCE = Million Metric Tons of Carbon
Equivalents

Gg = Gigagrams (equivalent to a thousand

metric tons)

GWP = Global Warming Potential

'% = Carbon to carbon dioxide molecular
weight ratio.

MMT = Million Metric Tons

GWP values alow policy makers to compare the
impacts of emissions and reductions of different gases.

17 sulfur dioxide is a primary anthropogenic contributor to the formation of “acid rain” and other forms of atmospheric acid

deposition.

18 Volcanic activity can inject significant quantities of aerosol producing sulfur dioxide and other sulfur compounds into the strato-
sphere, which can result in a longer negative forcing effect (i.e., a few years) (IPCC 1996).
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Accordi ng to the |PCC, GWPs J[yp|(_;a||y have an uncer- Table 1-1: _GIo_haI_Warming Potentials and
tainty of +35 percent. The parties to the UNFCCC have Atmospheric Lifetimes (Years)
also agreed to use GWPs based upon a 100 year time

horizon although other time horizon values are available. Gas Atmospheric Lifetime Gwp?
In addition to communi cating emissionsin units Carbon dioxide (CO,) 50-200 1

of mass, Parties may choose also to use global Methane (CH,)® 12+3 21
warming potentials (GWPS) to reflect their in- Nitrous oxide (N,0) 120 310
ventories and projections in carbon dioxide- HFC-23 264 11,700
HFC-125 32.6 2,800

equivalent terms, using information provided

by the Intergovernmental Panel on Climate :Eg]igg lgg ;ggg
Change (IPCC) in its Second Assessment Re- HFC-1522 1'5 ’140
port. Any use of GWPs should be based on the HFC-227¢ea 36.5 2.900
effects of the greenhouse gases over a 100-year HFC-236fa 209 6,300
time horizon. In addition, Parties may also use HFC-4310mee 17.1 1,300
other time horizons.?® CF, 50,000 6,500

. T C,Fg 10,000 9,200

Greenhouse gases with long atmospheric lifetimes C4Fro 2 600 7,000

(e.g., CO,, CH,, N,O, HFCs, PFCs, and SF) tend to be CeF1q 3,200 7,400
evenly distributed throughout the atmosphere, and con- SFs 3,200 23,900

sequently global average concentrations can be deter- aS?l(J)EJcsea(r”;(r:nCe :]g?if()m

mined. The short-lived gases such aswater vapor, tropo- b The methane GWP includes the direct effects and those
heri NO. CO d indirect effects due to the production of tropospheric ozone and

Spheric ozone, 0Zone precursors (e.g., X1 » an stratospheric water vapor. The indirect effect due to the

NMVOCs), and tropospheric agrosols (e.g., SO, prod- production of COj is not included.

ucts), however, vary regionaly, and consequently it is

difficult to quantify their global radiative forcing im-

Figure 1-1
pacts. No GWP values are attributed to these gases that
are short-lived and spatially inhomogeneous in the at-
mosphere. Other greenhouse gases not yet listed by the
Intergovernmental Panel on Climate Change (IPCC), but ® HFCs,PFCs,&SFg ™ Methane
. . . . Nitrous Oxide Carbon Dioxide
are aready or soon will be in commercial use include: 1740 1,804 1,628 1,835
1733 —_—
HFC-245fa, hydrofluoroethers (HFEs), and nitrogen 1750 11,650 1,636 1,667 1.7 g
trifluoride (NF»). sk T T LLLL.
1250 |
. S 1000
Recent Trends in U.S. Greenhouse E
. . = 1
Gas Emissions 500
250 |
Total U.S. greenhouse gas emissions rose in 1998 0
- . . 1990 1991 1992 1993 1994 1995 1996 1997 1998
to 1,834.6million metric tons of carbon equivalents
(MMTCE)? (11.2 percent above 1990 baseline levels).

% Framework Convention on Climate Change; FCCC/CP/1996/15/Add.1; 29 October 1996; Report of the Conference of the Parties at
its second session; held at Geneva from 8 to 19 July 1996; Addendum; Part Two: Action taken by the Conference of the Parties at its
second session; Decision 9/CP.2; Communications from Parties included in Annex | to the Convention: guidelines, schedule and
process for consideration; Annex: Revised Guidelines for the Preparation of National Communications by Parties Included in Annex
| to the Convention; p. 18.

20 Edtimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value,
or Global Warming Potential (see previous section).
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Figure 1-2

Annual Percent Change in U.S. GHG Emissions
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Figure 1-3
Absolute Change in U.S. GHG Emissions Since 1990
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The singleyear increasein emissions from 1997 to 1998
was 0.4 percent (6.8 MM TCE), less than the 1.3 percent
average annual rate of increase for the 1990s. Figure 1-
1 through Figure 1-3 illustrate the overall trends in total
U.S. emissions by gas, annual changes, and absolute
changes since 1990.

Asthelargest source of U.S. greenhouse gas emis-
sions, CO, from fossil fuel combustion, accounted for
80 percent of weighted emissions in 1998. Emissions
from this source grew by 11 percent (148.1 MMTCE)
from 1990 to 1998 and were also responsiblefor over 80
percent of the increase in national emissions during this
period. The annual increasein CO, emissions from this

source was only 0.5 percent in 1998 lower than the
source's average annual rate of 1.3 percent during the
1990s despite astrong 3.9 percent increasein U.S. gross
domestic product.

In addition to economic growth, changes in CO,
emission from fossil fuel combustion are aso correlated
with energy prices and seasonal temperatures. Excep-
tionally mild winter conditions in 1998 moderated
growth in CO, emissions from fossil fuel combustion
bel ow what would have been expected given the strength
of the economy and continued low fuel prices. Table 1-
2 shows annual changesin emissions during the last few
years of the 1990s for particular fuel types and sectors.

Carbon dioxide emissions from fossil fuel com-
bustion increased dramatically in 1996, due primarily
to two factors: 1) fuel switching by electric utilities
from natural gas to more carbon intensive coal as to
colder winter conditions and the associated rise in de-
mand for natural gas from residential, commercial and
industrial customers for heating caused gas prices to
rise sharply; and 2) higher consumption of petroleum
fuels for transportation. Milder weather conditionsin
summer and winter moderated the growth in emissions
in 1997; however, the shut-down of several nuclear
power plantslead electric utilitiesto increase their con-
sumption of coal to offset the lost capacity. In 1998,
weather conditions were a dominant factor in slowing
the growth in emissions. Warm winter temperatures
resulted in a significant drop in residential, commer-
cial, and industrial natural gas consumption. Thisdrop
in emissions from natural gas used for heating was pri-
marily offset by two factors: 1) electric utility emis-
sions, which increased in part due to a hot summer and
its associated air conditioning demand; and 2) in-
creased motor gasoline consumption for transportation.

Other significant trends in emissions from addi-
tional source categories over the nine year period from
1990 through 1998 included the following:

« Aggregate HFC and PFC emissions resulting from
the substitution of ozone depleting substances (e.g.,
CFCys) increased by 14.2 MMTCE. This increase
was partly offset, however, by reductions in PFC
emissions from aluminum production by 2.6
MMTCE (48 percent), which were theresult of both
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Table 1-2: Annual Change in CO, Emissions from Fossil Fuel Combustion

for Selected Fuels and Sectors (MMTCE and Percent)

Sector Fuel Type 1995-1996 1996-1997 1997-1998
Electric Utility Coal 24.5 5.7% 14.3 3.1% 5.5 1.2%
Electric Utility Petroleum 1.4 10.0% 2.2 14.4% 7.3 41.6%
Electric Utility Natural Gas (6.9) (14.6%) 3.3 8.1% 4.2 9.8%
Transportation? Petroleum 13.8 3.3% 1.1 0.2% 7.2 1.7%
Residential Natural Gas 5.8 8.1% (3.8) (4.9%) (7.4)  (10.0%)
Commercial Natural Gas 1.9 4.2% 0.9 1.9% (2.7) (5.7%)
Industrial Natural Gas 4.7 3.4% (1.4) (1.0%) (2.9) (2.0%)
All Sectors? All FuelsP 49.4 3.5% 19.4 1.3% 7.5 0.5%

2 Excludes emissions from International Bunker Fuels.
b Includes fuels and sectors not shown in table.

voluntary industry emission reduction efforts and
lower domestic aluminum production.

e Combined N,O and CH, emissions from mobile
combustion rose by 3.3 MM TCE (22 percent), pri-
marily due to increased rates of N,O generation in
highway vehicles.

e Methane emissions from the manure management
activities have increased by 7.9 MMTCE (53 per-
cent) as the composition of the swine and dairy in-
dustries shift toward larger facilities. An increased
number of large facilities leads to an increased use
of liquid systems, which translates into increased
methane production.

e Methane emissions from coal mining dropped by
6.2 MMTCE (26 percent) asaresult of the mining of
less gassy coal from underground mines and the in-
creased use of methane from degasification systems.

o Nitrousoxide emissionsfrom agricultural soil man-
agement increased by 8.5 MMTCE (11 percent) as
fertilizer consumption and cultivation of nitrogen
fixing crops rose.

o By 1998, all of the three major adipic acid produc-
ing plants had voluntarily implemented N,O abate-
ment technology; as a result, emissions fell by 3.0
MMTCE (60 percent). The majority of thisdecline
occurred from 1997 to 1998, despite increased pro-
duction.

Overall, from 1990 to 1998, total emissionsof CO,,

CH,, and N,O increased by 153.7 (11 percent), 3.1 (2
percent), and 11.1 MMTCE (10 percent), respectively.
During the same period, weighted emissions of HFCs,
PFCs, and SF4rose by 17.0 MMTCE (73 percent). De-
spite being emitted in smaller quantities relative to the
other principle greenhouse gases, emissions of HFCs,
PFCs, and SF4 are significant because of their extremely
high Global Warming Potentials and, in the cases of
PFCs and SF, long atmospheric lifetimes. Conversely,
U.S. greenhouse gas emissions were partly offset by car-
bon sequestration in forests and in landfilled carbon,
which were estimated to be 12 percent of total emis-
sions in 1998.

As an alternative, emissions can be aggregated
across gases by the IPCC defined sectors, referred to
here as chapters. Over the nine year period of 1990 to
1998, total emissionsin the Energy, Industrial Processes,
Agriculture, and Waste chapters climbed by 146.5 (10
percent), 18.5 (39 percent), 18.5 (14 percent), and 1.5
MMTCE (2 percent), respectively. Estimates of the quan-
tity of carbon sequestered in the Land-Use Change and
Forestry chapter, although based on projections, de-
clined by 105.5 MMTCE (33 percent).

Table 1-4 summarizes emissions and sinks from
all U.S. anthropogenic sources in weighted units of
MMTCE, while unweighted gas emissions and sinksin
gigagrams (Gg) areprovidedin Table 1-5. Alternatively,
emissions and sinks are aggregated by chapter in Table
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Box 1-1: Recent Trends in Various U.S. Greenhouse Gas Emissions-Related Data

There are several ways to assess a nation’s greenhouse gas emitting intensity. These measures of intensity could be based on
aggregate energy consumption because energy-related activities?! are the largest sources of emissions, on fossil fuel consumption
only because almost all energy-related emissions involve the combustion of fossil fuels, on electricity consumption because electric
utilities were the largest sources of U.S. greenhouse gas emissions in 1998, on total gross domestic product as a measure of national
economic activity, or on a per capita basis. Depending upon which of these measures is used, the United States could appear to have
reduced or increased its national greenhouse gas intensity. Table 1-3 provides data on various statistics related to U.S. greenhouse gas
emissions normalized to 1990 as a baseline year. Greenhouse gas emissions in the U.S. have grown at an average annual rate of 1.3
percent since 1990. This rate is slightly slower than that for total energy or fossil fuel consumption thereby indicating an improved or
lower greenhouse gas emitting intensity and much slower than that for either electricity consumption or overall gross domestic
product. Emissions, however, are growing faster than national population, thereby indicating a worsening or higher greenhouse gas
emitting intensity on a per capita basis (see Figure 1-4). Qverall, atmospheric CO, concentrations a function of many complex
anthropogenic and natural processes are increasing at 0.4 percent per year.

Table 1-3: Recent Trends in Various U.S. Data (Index 1990 = 100)

Variable Rate? 1991 1992 1993 1994 1995 1996 1997 1998  Growth

GHG Emissions? 99 101 103 105 106 109 111 111 1.3%
Energy Consumption® 100 101 104 106 108 112 112 112 1.4%
Fossil Fuel Consumption® 99 101 103 105 106 110 111 111 1.4%
Electricity Consumption® 102 102 105 108 111 114 116 119 2.2%
GDP¢ 99 102 104 108 110 114 118 123 2.6%
Population® 101 102 103 104 105 106 107 108 1.0%
Atmospheric CO, Concentration’ 100 101 101 101 102 102 103 104 0.4%

2 GWP weighted values

b Energy content weighted values. (DOE/EIA)

¢ (DOE/EIA)

d Gross Domestic Product in chained 1992 dollars (BEA 1999)
¢ (U.S. Census Bureau 1999)

f Mauna Loa Observatory, Hawaii (Keeling and Whorf 1999)
9 Average annual growth rate

Figure 1-4
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2! Energy-related activities are those that involve fossil fuel combustion (industrial, transportation, residential, and commercial end-use
sectors), and the production, transmission, storage, and distribution of fossil fuels.
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Table 1-4: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 1,340.3 1,326.1 1,350.4 1,383.3 1,404.8 1,416.5 1,466.2 1,486.4 1,494.0
Fossil Fuel Combustion 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2
Cement Manufacture 9.1 8.9 8.9 94 9.8 10.0 10.1 10.5 10.7
Natural Gas Flaring 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9
Lime Manufacture 3.0 3.0 3.1 3.1 3.2 34 3.6 3.7 3.7
Waste Combustion 2.8 3.0 3.0 3.1 3.1 3.0 3.1 34 3.5
Limestone and Dolomite Use 14 1.3 1.2 1.1 1.5 1.9 2.0 2.3 2.4
Soda Ash Manufacture and
Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2 1.2 1.2
Carbon Dioxide Consumption 0.2 0.2 0.2 0.2 0.2 0.3 0.3 04 04
Land-Use Change and
Forestry (Sink)2 (316.4) (316.3) (316.2) (212.7) (212.3) (211.8) (211.3) (211.1) (210.8)
International Bunker Fuels® 32.2 32.7 30.0 27.2 26.7 27.5 279 29.9 31.3
CH, 1779 177.7 1794 1787 1816  184.1 1831 183.8 180.9
Landfills 58.2 58.1 59.1 59.6 59.9 60.5 60.2 60.2 58.8
Enteric Fermentation 32.7 32.8 33.2 33.7 34.5 34.9 345 34.2 33.7
Natural Gas Systems 33.0 33.4 33.9 34.6 34.3 34.0 34.6 34.1 33.6
Manure Management 15.0 15.5 16.0 17.1 18.8 19.7 20.4 221 229
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Petroleum Systems 7.4 7.5 7.2 6.9 6.7 6.7 6.5 6.5 6.3
Rice Cultivation 2.4 2.3 2.6 24 2.7 2.6 2.4 2.6 2.7
Stationary Sources 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3
Mobile Sources 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3
Wastewater Treatment 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 04 0.4 0.4
Agricultural Residue Burning 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2
Silicon Carbide Production + + + + + + + + +
International Bunker Fuels® + + + + + + + + +
N,0 108.2 1105 1133 1138 1215 1188 1215 1224 1194
Agricultural Soil Management 75.3 76.3 78.2 77.3 83.5 80.4 82.4 84.2 83.9
Mobile Sources 13.8 14.6 15.7 16.5 171 17.4 17.5 17.3 17.2
Nitric Acid 49 49 5.0 5.1 53 5.4 5.6 5.8 5.8
Stationary Sources 3.8 3.8 39 39 4.0 4.0 4.2 4.2 4.3
Manure Management 3.4 3.6 3.5 3.7 3.8 3.7 3.8 3.9 4.0
Human Sewage 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.2
Adipic Acid 5.0 52 4.8 52 55 55 5.7 4.7 2.0
Agricultural Residue Burning 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Waste Combustion 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
HFCs, PFCs, and SFg 23.3 22.0 23.5 23.8 25.1 29.0 33.5 35.3 40.3
Substitution of Ozone
Depleting Substances 0.3 0.2 0.4 14 2.7 7.0 9.9 12.3 14.5
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 7.4 8.5 8.2 10.9
Electrical Transmission and
Distribution 5.6 59 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Magnesium Production and
Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0 3.0 3.0
Aluminum Production 54 4.7 4.4 3.8 3.2 3.1 3.2 3.0 2.8
Semiconductor Manufacture 0.8 0.8 0.8 1.0 1.1 1.5 1.9 1.9 2.1
Total Emissions 1,649.7 1,636.2 1,666.6 1,699.7 1,733.0 1,748.5 1,804.4 1,827.9 1,834.6

Net Emission (Sources and Sinks) 1,333.3 1,320.0 1,350.5 1,487.0 1,520.7 1,536.6 1,593.1 1,616.8 1,623.8

+ Does not exceed 0.05 MMTCE

2 Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities
exclude non-forest soils, and are based partially upon projections of forest carbon stocks.

b Emissions from International Bunker Fuels are not included in totals.

Note: Totals may not sum due to independent rounding.
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Table 1-5: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks (Gg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 4,914,351 4,862,349 4,951,561 5,072,271 5,150,787 5,193,841 5,376,081 5,449,974 5,478,051
Fossil Fuel Combustion 4,840,483 4,787,926 4,876,887 4,992,123 5,067,248 5,103,838 5,284,901 5,355,900 5,383,502
Cement Manufacture 33,278 32,535 32,792 34,624 36,087 36,847 37,079 38,323 39,227
Natural Gas Flaring 9,097 10,295 10,169 13,716 13,800 17,164 16,506 15,521 14,214
Lime Manufacture 11,092 10,891 11,245 11,496 11,895 12,624 13,179 13,434 13,627
Waste Combustion 10,345 10,931 10,993 11,295 11,308 11,104 11,504 12,532 12,889
Limestone and Dolomite Use 5113 4,896 4,502 4,058 5,541 6,987 7,499 8,537 8,854
Soda Ash Manufacture and
Consumption 4,144 4,035 4,091 4,048 4,012 4,309 4,273 4,434 4,325
Carbon Dioxide Consumption 800 840 882 912 898 968 1,140 1,294 1,413
Land-Use Change and Forestry (Sink)? (1,159,994) (1,159,646) (1,159,299) (779,935) (778,285) (776,659) (774,725) (774,083) (773,019)
International Bunker Fuels® 117,965 120,019 109,965 99,886 98,017 101,014 102,197 109,788 114,700
CH, 31,054 31,020 31,329 31,203 31,711 32,147 31,972 32,084 31,593
Landfills 10,171 10,152 10,321 10,402 10,452 10,566 10,508 10,510 10,268
Enteric Fermentation 5,712 5,732 5,804 5,876 6,016 6,094 6,032 5,973 5,885
Natural Gas Systems 5,770 5,840 5,923 6,042 5,987 5,931 6,041 5,961 5,860
Manure Management 2,613 2,708 2,801 2,990 3,283 3,447 3,567 3,861 3,990
Coal Mining 4,184 3,975 3,835 3,356 3,390 3,550 3,301 3,274 3,104
Petroleum Systems 1,294 1,307 1,262 1,206 1,175 1,168 1,143 1,142 1,108
Rice Cultivation 414 404 453 414 476 445 420 453 476
Stationary Sources 404 410 425 415 416 437 446 399 395
Mobile Sources 257 255 257 255 253 251 246 239 232
Wastewater Treatment 150 152 154 155 157 158 160 161 163
Petrochemical Production 56 57 60 66 70 72 75 77 77
Agricultural Residue Burning 30 28 33 26 34 28 32 34 35
Silicon Carbide Production 1 1 1 1 1 1 1 1 1
International Bunker Fuels® 2 2 2 2 2 2 2 2 2
N,0 1,280 1,307 1,340 1,346 1,437 1,406 1,437 1,448 1,412
Agricultural Soil Management 891 903 925 914 988 951 975 996 992
Mobile Sources 163 172 185 195 202 206 207 205 203
Nitric Acid 58 58 59 60 63 64 67 68 68
Stationary Source 45 45 46 46 47 48 49 50 50
Manure Management 40 42 42 43 44 44 45 46 47
Human Sewage 23 24 24 24 25 25 25 25 25
Adipic Acid 59 62 57 61 65 66 67 55 23
Agricultural Residue Burning 1 1 1 1 1 1 1 1 1
Waste Combustion 1 1 1 1 1 1 1 1 1
International Bunker Fuels? 3 3 3 3 3 3 3 3 3
HFCs, PFCs, and SFg M M M M M M M M M
Substitution of Ozone Depleting
Substances M M M M M M M M M
Aluminum Production M M M M M M M M M
HCFC-22 Production® 3 3 3 3 3 2 3 3 3
Semiconductor Manufacture M M M M M M M M M
Electrical Transmission and
Distributiond 1 1 1 1 1 1 1 1 1
Magnesium Production and Processing¢ + + + + + + + + +
NO, 21,798 21,936 22,176 22,398 22,683 22,177 22,034 22,153 22,066
co 85,394 87,485 84,589 84,716 88,911 80,093 82,028 79,284 78,082
NMVOCs 18,795 18,929 18,527 18,708 19,290 18,613 17,624 17,469 17,011

+ Does not exceed 0.5 Gg
M Mixture of multiple gases
NA Not Available

2Sinks are notincluded in CO, emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities exclude non-forest soils, and are based
partially upon projections of forest carbon stocks.
b Emissions from International Bunker Fuels are not included in totals.

¢ HFC-23 emitted
4 SFg emitted

Note: Totals may not sum due to independent rounding.
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1-6 and Figure 1-5.

Methodology and Data Sources

Emissions of greenhouse gases from various
sources have been estimated using methodol ogies that
are consistent with the Revised 1996 IPCC Guidelines
for National Greenhouse Gas Inventories (IPCC/UNEP/
OECD/IEA 1997). To the extent possible, the present
U.S. Inventory relies on published activity and emis-
sion factor data. Depending on the emission source
category, activity data can include fuel consumption or
deliveries, vehicle-milestraveled, raw material processed,
etc.; emission factors are factors that rel ate quantities of
emissionsto an activity. For some sources, |PCC default
methodol ogies and emission factors have been employed.
However, for most emission sources, the IPCC default
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methodol ogies were expanded and more comprehensive
methods were applied.

Inventory emission estimates from energy con-
sumption and production activities are based primarily
on the latest official fuel consumption data from the
Energy Information Administration (EIA) of theU.S. De-
partment of Energy. Emission estimates for NO,, CO,
and NMVOCs were taken directly, except where noted,
from the United States Environmental Protection
Agency’s (EPA) report, National Air Pollutant Emission
Trends 1900 - 1998 (EPA 1999), which isan annual EPA
publication that provides the latest estimates of regional
and national emissions of criteriapollutants. Emissions
of these pollutants are estimated by the EPA based on
statistical information about each source category, emis-
sion factors, and control efficiencies. While the EPA’'s
estimation methodol ogiesfor criteria pollutants are con-
ceptually similar to the |PCC recommended methodol o-
gies, the large number of sources EPA used in devel op-
ing its criteria pollutant estimates makes it difficult to
reproduce the methodologies from EPA (1999) in this
inventory document. In these instances, the references
containing detailed documentation of the methods used
are identified for the interested reader. For agricultural
sources, the EPA criteria pollutant emission estimates
were supplemented using activity data from other agen-
cies. Complete documentation of the methodologies
and data sources used is provided in conjunction with
the discussion of each source and in the various annexes.

Emissionsfrom fossil fuelscombusted in shipsand

aircraft engaged in the international transport of passen-
gers and cargo are not included in U.S. totals, but are

Table 1-6: Recent Trends in U.S. Greenhouse Gas Emissions and Sinks by Chapter/IPCC Sector (MMTCE)

Chapter/IPCC Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Energy 1,408.4 1,3945 1,419.4 14502 14711 1,483.0 1,531.5 1,549.5 1,554.8
Industrial Processes 483 469 483 495 523 572 625 642 669
Agriculture 129.0 130.8 133.9 1343 1435 1416 1439 147.4 1475
Land-Use Change and Forestry (Sink)* (316.4) (316.3) (316.2) (212.7) (212.3) (211.8) (211.3) (211.1) (210.8)
Waste 640 641 651 657 660 666 664 667 655

Total Emissions

1,649.7 1,636.2 1,666.6 1,699.7 1,733.0 1,748.5 1,804.4 1,827.9 1,834.6

Net Emissions (Sources and Sinks) 1,333.3 1,320.0 1,350.5 1,487.0 1,520.7 1,536.6 1,593.1 1,616.8 1,623.8

* Sinks are only included in net emissions total. Estimates of net carbon sequestration due to land-use change and forestry activities
exclude non-forest soils, and are based partially upon projections of forest carbon stocks.

Note: Totals may not sum due to independent rounding.
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reported separately as international bunkers in accor-
dance with IPCC reporting guidelines (IPCC/UNEP/
OECD/IEA 1997). Carbon dioxide emissions from fuel
combusted within U.S. territories, however, areincluded
inU.S. totals.

Uncertainty in and
Limitations of Emission Estimates

While the current U.S. emissions inventory pro-
vides a solid foundation for the development of a more
detailed and comprehensive national inventory, it has
several strengths and weaknesses.

First, this inventory by itself does not provide a
complete picture of past or future emissionsin the United
States; it only provides an inventory of U.S. emissions
for the years 1990 through 1998. However, the United
States believes that common and consistent inventories

taken over a period of time can and will contribute to
understanding future emission trends. The United States
produced itsfirst comprehensiveinventory of greenhouse
gas emissions and sinks in 1993, and intends to update
it annually, in conjunction with its commitments under
the UNFCCC. The methodologies used to estimate emis-
sions will also be updated periodically as methods and
information improve and as further guidanceisreceived
from the IPCC and UNFCCC.

Secondly, there are uncertainties associated with
the emission estimates. Some of the current estimates,
such asthose for CO, emissions from energy-related ac-
tivitiesand cement processing, are considered to befairly
accurate. For other categories of emissions, however, a
lack of dataor anincomplete understanding of how emis-
sions are generated limits the scope or accuracy of the
estimates presented. Despite these uncertainties, the
Revised 1996 |PCC Guidelinesfor National Greenhouse

Box 1-2: Greenhouse Gas Emissions from Transportation Activities

Motor vehicle usage is increasing all over the world, including in the United States. Since the 1970s, the number of highway
vehicles registered in the United States has increased faster than the overall population, according to the Federal Highway Administra-
tion. Likewise, the number of miles driven up 21 percent from 1990 to 1998 and gallons of gasoline consumed each year in the United
States have increased relatively steadily since the 1980s, according to the Energy Information Administration. These increases in
motor vehicle usage are the result of a confluence of factors including population growth, economic growth, increasing urban sprawl,
and low fuel prices.

One of the unintended consequences of these changes is a slowing of progress toward cleaner air in both urban and rural parts
of the country. Passenger cars, trucks, motorcycles, and buses emit significant quantities of air pollutants with local, regional, and
global effects. Motor vehicles are major sources of carbon monoxide (CO), carbon dioxide (CO,), methane (CH,4), nonmethane
volatile organic compounds (NMVOCs), nitrogen oxides (NO,), nitrous oxide (N,0), and hydrofluorocarbons (HFCs). Motor vehicles
are also important contributors to many serious air pollution problems, including ground-level ozone (i.e., smog), acid rain, fine
particulate matter, and global warming. Within the United States and abroad, government agencies have taken strong actions to
reduce these emissions. Since the 1970s, the EPA has reduced lead in gasoline, developed strict emission standards for new
passenger cars and trucks, directed states to enact comprehensive motor vehicle emission control programs, required inspection and
maintenance programs, and more recently, introduced the use of reformulated gasoline to mitigate the air pollution impacts from motor
vehicles. New vehicles are now equipped with advanced emissions controls, which are designed to reduce emissions of nitrogen
oxides, hydrocarbons, and carbon monoxide.

Table 1-7 summarizes greenhouse gas emissions from all transportation-related activities. Overall, transportation activities exclud-
ing international bunker fuels accounted for an almost constant 26 percent of total U.S. greenhouse gas emissions from 1990 to
1998. These emissions were primarily CO, from fuel combustion, which increased by 11 percent from 1990 to 1998. However,
because of larger increases in N,O and HFC emissions during this period, overall emissions from transportation activities actually
increased by 12 percent.
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Table 1-7: Transportation-Related Greenhouse Gas Emissions (MMTGCE)

Gas/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 399.6 391.5 4011 4091 422.3  421.7 441.7 4434 450.2
Passenger Cars 169.1 167.6 171.7  173.3 172.2 175.0 178.5 180.0 185.1
Light-Duty Trucks 77.4 771 771 80.4 87.1 88.9 91.1 92.1 94.6
Other Trucks 56.3 54.2 55.9 59.1 62.1 63.6 67.7 701 70.3
Buses 2.7 2.8 2.9 3.0 3.3 3.5 3.0 3.2 3.2
Aircraft2 48.2 46.1 455 45.8 48.0 46.8 49.1 48.8 49.4
Boats and Vessels 15.1 14.4 18.5 17.3 17.0 17.0 18.1 13.7 12.5
Locomotives 7.3 6.8 7.3 6.7 7.9 8.1 8.7 9.0 9.0
Other? 23.6 22.3 22.3 23.6 24.8 24.8 25.4 265 26.3
International Bunker Fuels® 32.2 32.7 30.0 27.2 26.7 27.5 27.9 299 31.3
CH, 1.5 1.5 1.5 15 1.5 14 1.4 14 1.3
Passenger Cars 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.5
Light-Duty Trucks 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
Other Trucks and Buses 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2
Aircraft + + + + + + + + +
Boats and Vessels + + + + + + + + +
Locomotives + + + + + + + + +
Otherd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
International Bunker Fuels® + + + + + + + + +
N,0 13.8 14.6 15.7 16.5 171 17.4 175 173 17.2
Passenger Cars 8.1 8.0 8.4 8.6 8.8 8.9 8.9 8.7 8.6
Light-Duty Trucks 4.2 5.1 5.8 6.4 6.6 6.8 6.8 6.8 6.8
Other Trucks and Buses 0.6 0.7 0.7 0.7 0.8 0.8 0.9 0.9 1.0
Aircraftd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Boats and Vessels 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Otherd 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
International Bunker Fuels® 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3
HFCs + + 0.2 0.7 1.8 2.6 3.7 4.7 4.7
Mobile Air Conditioners® + + 0.2 0.7 1.8 2.6 3.7 4.7 4.7
Total® 414.8 407.5 4185 427.8 442.7  449.2 464.3 466.8 473.5

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

2 Aircraft emissions consist of emissions from all jet fuel (less bunker fuels) and aviation gas consumption.

b “Other” GO, emissions include motorcycles, construction equipment, agricultural machinery, pipelines, and lubricants.

¢ Emissions from International Bunker Fuels include emissions from both civilian and military activities, but are not included in totals.

d “Other” CH, and N,0 emissions include motorcycles, construction equipment, agricultural machinery, gasoline-powered recreational,
industrial, lawn and garden, light commercial, logging, airport service, other equipment; and diesel-powered recreational, industrial, lawn and
garden, light construction, airport service.

¢ Includes primarily HFC-134a

Box 1-3: Greenhouse Gas Emissions from Electric Utilities

Like transportation, activities related to the generation, transmission, and distribution of electricity in the United States result in
significant greenhouse gas emissions. Table 1-8 presents greenhouse gas emissions from electric utility-related activities. Aggregate
emissions from electric utilities of all greenhouse gases increased by 15 percent from 1990 to 1998, and accounted for a relatively
constant 29 percent of U.S. greenhouse emissions during the same period.22 The majority of these emissions resulted from the
combustion of coal in boilers to produce steam that is passed through a turbine to generate electricity. Overall, the generation of
electricity results in a larger portion of total U.S. greenhouse gas emissions than any other activity.

22 Emissions from nonutility generators are not included in these estimates. Nonutilties were estimated to produce about 10 percent of
the electricity generated in the United States in 1998 (DOE and EPA 1999).
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Table 1-8: Electric Utility-Related Greenhouse Gas Emissions (MMTCE)

Gas/Fuel Type or Source 1990 1991 1992 1993 1994 1995 1996 1997 1998
co, 476.6 473.2 4727 4905 4939 4940 513.0 532.8 5499
Coal 409.0 407.2 411.8 4287 4295 433.0 4575 471.8 4773
Natural Gas 41.2 411 40.7 39.5 44.0 472 403 43.6 47.8
Petroleum 26.4 24.9 20.2 22.3 20.5 139 153 175 24.8
Geothermal 0.1 0.1 0.1 0.1 + + + + +
CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Stationary Combustion (Utilities) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
N,0 2.0 2.0 2.0 2.1 2.1 2.1 2.2 23 2.3
Stationary Combustion (Utilities) 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3 2.3
SFg 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0 7.0 7.0
Total 484.3 481.2 481.0 4991 5029 503.2 5224 542.2 559.3

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding. Values do not include emissions from nonutility generators.

GasInventories (IPCC/UNEP/OECD/IEA 1997) require
that countries provide single point estimates for each
gas and emission or removal source category. Within
the discussion of each emission source, specific factors
affecting the accuracy of the estimates are discussed.

Finally, while the IPCC methodologies provided
in the Revised 1996 |PCC Guidelines represent baseline
methodologies for a variety of source categories, many
of these methodologies continue to be improved and
refined as new research and databecomesavailable. The
current U.S. inventory uses the IPCC methodologies
when applicable, and supplementsthem with other avail-
able methodol ogies and datawhere possible. The United
States realizes that additional efforts are still needed to
improve methodol ogies and data collection procedures.
Specific areas requiring further research include:

Incorporating excluded emission sources. Quan-
titative estimates of some of the sources and sinks of
greenhouse gas emissions are not available at this time.
In particular, emissions from some land-use activities
and industrial processes are not included in the inven-
tory either because data are incomplete or because meth-
odologies do not exist for estimating emissions from
these source categories. See Annex P for adiscussion of
the sources of greenhouse gas emissions and sinks ex-
cluded from this report.

Improving the accuracy of emission factors. Fur-

ther research is needed in some cases to improve the
accuracy of emission factors used to cal culate emissions
from avariety of sources. For example, the accuracy of
current emission factors applied to methane and nitrous
oxide emissions from stationary and mobile combustion
is highly uncertain.

Collecting detailed activity data. Although meth-
odologiesexist for estimating emissionsfor some sources,
problems arise in obtaining activity data at a level of
detail in which aggregate emission factors can be ap-
plied. For example, the ability to estimate emissions of
methane and nitrous oxide from jet aircraft is limited
dueto alack of activity databy aircraft type and number
of landing and take-off cycles.

Applying Global Warming Potentials. GWP val-
ues have severa limitations including that they are not
applicable to unevenly distributed gases and aerosols
such as tropospheric ozone and its precursors. They are
also intended to reflect global averages and, therefore,
do not account for regional effects. Overall, the main
uncertaintiesin developing GWP values are the estima-
tion of atmospheric lifetimes, assessing indirect effects,
choosing the appropriate integration time horizon, and
assessing instantaneous radiative forcing effects which
are dependent upon existing atmospheric concentra-
tions. According to the IPCC, GWPs typically have an
uncertainty of +35 percent (IPCC 1996).
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Emissions calculated for the U.S. inventory reflect
current best estimates; in some cases, however, estimates
are based on approximate methodol ogies, assumptions,
and incompletedata. Asnew information becomesavail-
able in the future, the United States will continue to
improve and revise its emission estimates.

Organization of Report

In accordance with the IPCC guidelinesfor report-
ing contained in the Revised 1996 IPCC Guidelines for
National Greenhouse Gas Inventories (IPCC/UNEP/
OECD/IEA 1997), thisU.S. inventory of greenhouse gas
emissions and sinks is segregated into six sector-spe-
cific chapters, listed below in Table 1-9.

Within each chapter, emissions are identified by
the anthropogenic activity that is the source or sink of
the greenhouse gas emissions being estimated (e.g., coa
mining). Overall, the following organizational struc-
ture is consistently applied throughout this report:

Chapter/IPCC Sector: Oveview of
emission trends for each |PCC defined sector

Source: Description of source pathway and emis-
sion trends from 1990 through 1998

— Methodology: Description of analytical
methods employed to produce emission esti-
mates

— Data Sources: |dentification of dataref-
erences, primarily for activity data and emis-
sion factors

Table 1-9: IPCC Sector Descriptions

Chapter/IPCC Sector Activities Included

— Uncertainty: Discussion of relevant is-
sues related to the uncertainty in the emission
estimates presented

Special attention is given to carbon dioxide from
fossil fuel combustion relative to other sources because
of its share of emissionsrelativeto other sourcesand its
dominant influence on emission trends. For example,
each energy consuming end-use sector (i.e., residential,
commercial, industrial, and transportation), as well as
the electric utility sector, are treated individually. Ad-
ditional information for certain source categories and
other topics is also provided in several Annexes listed
in Table 1-10.

Changes in This Year’s U.S.
Greenhouse Gas Inventory Report

Each year the EPA not only recalculates and re-
vises the emission estimates for all years that are pre-
sented in the Inventory of U.S. Greenhouse Gas Emis-
sions and Sinks but also attempts to improve the analy-
sesthemsel vesthrough the use of better methods or data.
A summary of this year’'s changes is presented in the
following three sections and includes updates to histori-
cal data, changes in methodology, and other changes.
The magnitude of each change is aso described.

Changes to historical data are generally due to
statistical data supplied by other agencies. Data sources
are provided for further reference.

For methodological changes, differences between

Energy

Emissions of all greenhouse gases resulting from stationary and mobile energy activities

including fuel combustion and fugitive fuel emissions.

Industrial Processes

By-product or fugitive emissions of greenhouse gases from industrial processes not directly

related to energy activities such as fossil fuel combustion.

Solvent Use
the use of solvents.

Agriculture

Emissions, of primarily non-methane volatile organic compounds (NMVOCs), resulting from

Anthropogenic emissions from agricultural activities except fuel combustion and sewage

emissions, which are addressed under Energy and Waste, respectively.

Land-Use Change and Forestry
Waste

Emissions and removals from forest and land-use change activities, primarily carbon dioxide.

Emissions from waste management activities.

Source: (IPCC/UNEP/OECD/IEA 1997)

Introduction 1-17



Table 1-10: List of Annexes

ANNEX A Methodology for Estimating Emissions of CO,
from Fossil Fuel Combustion

Methodology for Estimating Emissions of CH,,
N,0, and Criteria Pollutants from Stationary
Combustion

Methodology for Estimating Emissions of CH,,
N,0, and Criteria Pollutants from Mobile
Combustion

Methodology for Estimating Methane Emissions
from Coal Mining

Methodology for Estimating Methane Emissions
from Natural Gas Systems

Methodology for Estimating Methane Emissions
from Petroleum Systems

Methodology for Estimating Emissions from
International Bunker Fuels Used by the U.S.
Military

ANNEX B
ANNEX C

ANNEX D
ANNEX E
ANNEX F

ANNEX G

the previous Inventory and this Inventory are explained.
Many of the changesin methodology are due to arecent
series of IPCC good practice workshops held to assist in
the preparation of greenhouse gasinventories and in the
implementation of the Revised 1996 IPCC Guidelines
(IPCC/UNEP/OECD/IEA 1997). Unlessotherwisenoted,
the methodol ogical changesincorporatedinto thisyear's
Inventory reflect the recommendations of expertsat these
IPCC good practice workshops. 1n general, when meth-
odological changes have been implemented, the entire
time series (1990 through 1998) has been recal culated
to reflect the change.

Changes in Historical Data

e Inthe CO, Emissionsfrom Fossil Fuel Combustion
section of the Energy chapter, most differences, as
compared to previous emission estimates, are dueto
revised energy consumption data from the Energy
Information Administration (EIA 1999a, 1999c,
1999d) for selected years (see below for detail on an
additional small methodological change). In addi-
tion, a small error in estimates of CO, emissions
from combustion of petroleum used for transporta-
tion has been corrected in this Inventory. Previ-
ously, the combustion efficiency had been inadvert-
ently applied to bunker fuel emissions prior to re-
moving them from the cal culation of CO, emissions
from petroleum used for transportation. In the cur-
rent | nventory, the combustion efficiency iscorrectly

ANNEX H Methodology for Estimating Methane Emissions

from Enteric Fermentation

Methodology for Estimating Methane Emissions

from Manure Management

Methodology for Estimating Methane Emissions

from Landfills

ANNEX K Global Warming Potential Values

ANNEX L Ozone Depleting Substance Emissions

ANNEX M Sulfur Dioxide Emissions

ANNEX N Complete List of Sources

ANNEX O IPCC Reference Approach for Estimating CO,
Emissions from Fossil Fuel Combustion

ANNEX P Sources of Greenhouse Gas Emissions Excluded

ANNEX Q Constants, Units, and Conversions

ANNEX R Abbreviations

ANNEX S Chemical Symbols

ANNEX T Glossary

ANNEX |

ANNEX J

applied once to all emissions after the subtraction
of bunker fuels. The combined data and method-
ological changes resulted in an average decrease
of 4.3 MMTCE (0.3 percent) in annual CO, emis-
sionsfrom fossil fuel combustion for 1990 through
1997.

In the Stationary Combustion (excluding CO,) sec-
tion of the Energy Chapter, differencesfrom previ-
ous emission estimates are due to revised energy
consumption datafrom the EIA (1999a, 1999d) for
selected years. Thisrevisionresulted in anincrease
of less than 0.1 MMTCE (0.6 percent) in annual
CH, emissions and an average increase of lessthan
0.1 MMTCE (0.7 percent) in annual N,O emissions
from stationary combustion for 1990 through 1997.
In the Mobile Combustion (excluding CO,) sec-
tion of the Energy Chapter, differences with previ-
ous emission estimatesfor highway sourcesare due
to revised estimates of historical vehicle-miles-trav-
eled by the Federal Highway Administration (FHWA
1999). Extremely small differences exist in the
non-highway estimates due to revised historical
fuel consumption data from EIA (1999a, 1999c)
and FHWA (1999). These revisions caused an av-
erage increase of less than 0.1 MMTCE (3.0 per-
cent) in annual CH, emissions and an increase of
0.3MMTCE (1.9 percent) in annual N,O emissions
from mobile combustion for 1990 through 1997.
In the Natural Gas Systems section of the Energy
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Chapter, historical estimates of methane emissions
arerevised based on the transmission pipeline mile-
age reported by the Office of Pipeline Safety (OPS).
Inventoriesin previousyearsrelied on the American
Gas Association (AGA) for transmission pipeline
mileage data. AGA aggregates pipeline mileage data
asreported in FERC Form 2 “Annual Report of Natu-
ral Gas Pipeline Companies’; however, only inter-
state pipeline companies regulated by FERC sub-
mit Form 2. In contrast, OPS dataisfor all compa-
nies with more than one mile of transmission pipe-
line and includes both intra- and interstate pipe-
lines. Accordingly, OPS reports pipeline mileage
that is higher than that reported by AGA. Using the
new data, EPA recal culated historical emission esti-
mates, which resulted in increases for most years.
The historical emission estimates have increased an
averageof 0.7 MMTCE (1.5 percent) inannual CH,
emissions for 1990 through 1997.

In the Natural Gas Flaring and Criteria Pollutant
Emissions in the Oil and Gas Activities section of
the Energy chapter, changes in emission estimates
for natural gas flaring are due to revisions in data
from the EIA (1999¢). These revisions caused an
average increase of 0.2 MMTCE (5.8 percent) in
CO, annual emissions for 1990 through 1997. The
EPA (1999b) has also revised estimates for criteria
pollutants from oil and gas activities for 1996 and
1997. Theserevisionsresulted in averageincreases
of 3.5 percent in annual NOx emissions, and 3.9
percent in CO annual emissions from 1990 through
1997, and 1.0 percent in annual NMVOCsemissions
from1990 through 1997.

In the International Bunker Fuels section of the
Energy chapter, a small error in the 1990-1997 In-
ventory iscorrected inthisvolume. Emissionsfrom
combustion of distillatefuel in marine bunkerswere
misreported by two yearsin that edition, presenting
1988 estimates for 1990, 1989 estimates for 1991,
and so forth. In addition, the activity data for for-
eign airlines at U.S. airportsin 1997 have been ad-
justed slightly (BEA 1999). The combined data and
methodological changes resulted in an average de-
creases of 2.0 MMTCE (7.4 percent) in annual CO,

emissions, less than 0.1 MMTCE (10.9 percent) in
annual CH, emissions and less than 0.1 MMTCE
(8.3 percent) in annual N,O emissionsfrom interna-
tional bunker fuels for 1990 through 1997.

In the Limestone and Dolomite Use section of the
Industrial Processes chapter, the 1997 valuefor lime-
stone and dolomite consumption was revised by the
United States Geological Survey (USGS1999). This
data change resulted in an increase of 0.2 MMTCE,
or 9.3 percent, of CO, emissionsfrom limestoneand
dolomite use in 1997.

In the Carbon Dioxide Consumption section of the
Industrial Processes chapter, the 1997 value was re-
vised. Thereference (Freedonia1999) does not pro-
vide datafor 1997, so it has been extrapolated using
annual growth rates from confirmed 1993 through
1996 values. Previously, the growthin CO, produc-
tion was also applied to calculate CO, used in EOR
applications. However, this year's data shows that
Freedonia holds EOR constant for 1996-1998. This
revision in data resulted in an average increase of
lessthan 0.1 MMTCE, or 5.3 percent, of CO, emis-
sions from CO, consumption for 1997.

In the Petrochemical Production section of the In-
dustrial Processes chapter, the differences between
the 1990-1997 Inventory and this volume reflect
updated production data for ethylene, ethylene
dichloride, and methanol from the Chemical Manu-
facturers Association (CMA 1999). These updates
caused an averageincrease of lessthan 0.1 MM TCE
(1.5 percent) in annual CH, emissions from petro-
chemical production for 1994 through 1997.

In the Substitution of Ozone Depleting Substances
section of the Industrial Processes chapter, areview
of the current chemical substitution trends with in-
put fromindustry representativesresulted in updated
assumptions for the Vintaging Model, particularly
in the stationary refrigeration and foams sectors.
These updatesresulted in an average decrease of 2.0
MMTCE (22.7 percent) in aggregate HFC, PFC, and
SF emissions from substitution of ozone depleting
substances for 1994 through 1997.

In the Enteric Fermentation section of the Agricul-
ture chapter, the emission estimates for the 1990-
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1998 Inventory have been recalculated using up-
dated animal population data. Specifically, animal
population data for 1994 through 1997 were up-
dated to reflect the recent publication of final live-
stock population estimates by USDA (1999a-h, n).
Also, horse population data for 1990 through 1998
were updated to reflect revised data from the Food
and Agriculture Organization (FAO 1999). Thedairy
cow emission factors were also updated to reflect
revised milk production data. These data modifica-
tions caused an average increase of less than 0.1
MMTCE (lessthan 0.1 percent) in annual CH, emis-
sions from enteric fermentation for 1990 through
1997.

Methodological Changes

Carbon Dioxide Emissions
from Fossil Fuel Combustion

The emission factor used to calculate emissions
from the combustion of residual fuel at electric utilities
was updated to 21.29 MM TCE/QBtu, based on new data
that EIA received from electric utilities (EIA 1999b).
The emission factor for residual fuel for all other sectors
remains at 21.49 MMTCE/QBtu.

Additionally, non-bunker jet fuel emissions from
military vehicles for 1990-1998, which are accounted
for under the transportation end-use sector, have been
estimated for the first timein thisinventory. Dataon jet
fuel expenditures by the U.S. military was supplied by
the Office of the Under Secretary of Defense (Environ-
mental Security), U.S. Department of Defense (DoD). Data
on fuel delivered to the military within the U.S. was pro-
vided from unpublished data by the Defense Energy
Support Center, under DoD’s Defense L ogistics Agency.
The quantity of fuel used was estimated using these data
sources. Jet fuel densities for each fuel type were ob-
tained from the Air Force (1998). The combined data
and methodological changes resulted in an average de-
crease of 4.3 MMTCE (0.3 percent) of CO, annual emis-
sionsfromfossil fuel combustion for 1990 through 1997.

Petroleum Systems

EPA has restated the emissions of methane from
petroleum systems for 1998 and previous years, result-
ing in a substantial, 5.4 MMTCE, almost four-fold in-
crease in the estimate in CH, from 1990 through 1997.
The new, higher estimate of methane emissionsfrom pe-
troleum systemsis based on work sponsored by EPA and
presented in Estimates of Methane Emissions from the
U.S Oil Industry (EPA 1999a). Wherethe previous esti-
mates of methane emissionsfrom the petroleum industry
used emission and activity factors based on top-down,
broad categories of activities, the revised approach is
based on a more detailed, bottom-up analysis of 70 dif-
ferent crude oil handling and processing activities from
the wellhead to refining.

The overall approach to these new petroleum sec-
tor estimates is now consistent with the detailed, bot-
tom-up analysis that has been used for several yearsto
estimate methane emissions from the natural gas indus-
try. Aswith natural gas, the new approach to estimating
methane emissions from petroleum systemsis based on
adetailed characterization of the petroleum sector, which
describe the emissions producing sources within the
sector. Under this approach, EPA has devel oped emis-
sions factors for each emission producing activity that
describes the rate of annual emissions per activity. The
emissions factors derive largely from Radian Interna-
tional LLC (Radian 1996€). Other sources of emissions
factorsinclude data from various reports and documents
of theAmerican Petroleum Institute, EPA, MineralsMan-
agement Service (MM YS) reports, Gas Research Institute
(GRI), Canadian Association of Petroleum Producers
(CAPP), and variousindustry peer review panels. Activ-
ity factors are used to generalize the emissions to the
entire industry and are multiplied by the emission fac-
torsto generate the total emissions estimates. The ma-
jor sources of activity factors include various reports
from the Energy Information Administration (EIA), API,
Radian, EPA, MMS, the Oil &Gas Journal, and peer
review panels.

International Bunker Fuels
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International bunker fuel emissionsresulting from
military aviation and marine activities for 1990-1998
have been estimated for the first time in this inventory.
Data on jet fuel expenditures by the U.S. military was
supplied by the Office of the Under Secretary of Defense
(Environmental Security), U.S. Department of Defense
(DoD). Estimates of the percentage of each services
total operations that are international operations were
developed by DoD. Military aviation bunkers include
international operations, operations conducted from na-
val vessels at sea, and operations conducted from U.S.
installations principally over international water in di-
rect support of military operations at sea. Data on fuel
delivered to the military within the U.S. was provided
from unpublished data by the Defense Energy Support
Center, under DoD’sDefense L ogisticsAgency. Together,
the data allow the quantity of fuel used in military inter-
national operationsto be estimated. Jet fuel densitiesfor
each fuel typewere obtained (Air Force 1998). The com-
bined data and methodological changes resulted in an
average decreases of 2.0 MMTCE (7.4 percent) in an-
nual CO, emissions, less than 0.1 MMTCE (10.9 per-
cent) inannual CH, emissionsand lessthan 0.1 MMTCE
(8.3 percent) in annual N,O emissionsfrominternational
bunker fuels for 1990 through 1997.

Cement Manufacture

During clinker production some of the clinker pre-
cursor materials remain in the kiln as non-calcinated,
partially calcinated, or fully calcinated cement kiln dust.
The emissions attributable to the calcinated portion of
the cement kiln dust are not accounted for by the clinker
emission factor. These additional CO, emissions were
estimated as 2 percent of the CO, emissions calcul ated
from clinker production. The previous inventory did
not include cement kiln dust emissions estimates. These
additional emissions from cement kiln dust were com-
bined with the emissions from clinker production to cal-
culate total cement production emissions. This method-
ological change resulted in an average increase of 0.2
MMTCE (2.0 percent) in annual CO, emissions from
cement manufacture for 1990 through 1997.

Lime Manufacture

During the cal cination stage of lime manufacture,
CO, isdriven off as agas and normally exits the system
with the stack gas. Carbon dioxide emissions were esti-
mated by applying a CO, emission factor to the total
amount of lime produced. The emission factor used in
this analysis is the product of the mass of CO, released
per unit of lime, and the average calcium plus magne-
sium oxide (CaO + MgO) content of lime. In previous
inventories the average calcium plus magnesium oxide
content of lime was not factored into the emissions fac-
tor. Theinclusion of the CaO or CaO + MgO content of
l[ime in the current inventory, was recommended by the
National Lime Association (Males1999). Limeindustry
experts believe that approximately 93 percent isarepre-
sentative value for lime's average calcium plus magne-
sium oxide content (ASTM 1996; Schwarzkopf 1995).
Theremainder iscomposed of silica, aluminum, andiron
oxides (3.83 percent) and CaCO; (3.41 percent). These
other compounds are present because limestone feed is
not 100 percent pure, nor is the conversion process 100
percent efficient (Males 1999). Thisyieldsan emission
factor of 0.73 tons of CO, per ton of lime produced. In
the previous Inventory, CaO was considered to be 100
percent of limestone, thus yielding an emission factor of
0.785 tons of CO,, per ton of lime produced. This meth-
odological change resulted in an average decrease of
0.2 MMTCE (6.8 percent) in annual CO, emissionsfrom
lime manufacture for 1990 through 1997.

Adipic Acid Production

The eguation used to estimate N,O emissionsfrom
adipic acid production was changed from the previous
Inventory to include both a destruction factor and an
abatement system utilization factor. The N,O destruc-
tion factor represents the amount of N,O expressed as a
percentage of N,O emissions that are destroyed by the
currently installed abatement technology. The abate-
ment system utilization factor represents the percent of
time that the abatement equipment operates. This meth-
odological change resulted in an average increase of 0.3
MMTCE (7.5 percent) in annual N,O emissions from
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adipic acid production for 1990 through 1997.

Nitric Acid Production

An estimated 20 percent of nitric acid plantsin the
United States are equipped with Non-Sel ective Catalytic
Reduction (NSCR) technology (Choe, et al. 1993). In
the process of destroying NOx, NSCR systems also de-
stroy 80 to 90 percent of the N,O. Hence, the emission
factor isequal to (9.5 x 0.80) + (2 x 0.20) = 8 kg N,O per
metric ton HNOj;. In previous Inventories the emission
factor was calculated without weighting the percent of
plants using NSCR and Selective Catalytic reduction
(SCR) technologies, thus the previous emission factor
was 5.5 kg N,O per metric ton HNO,. Thismethodologi-
cal changeresultedinan averageincreaseof 1.7 MMTCE
(46.2 percent) in annual N,O emissions from nitric acid
production for 1990 through 1997.

Aluminum Production

PFC emissions from aluminum production were
estimated by multiplying an emission factor by the an-
nual production. In the previous Inventory, PFC emis-
sions were estimated using a single per unit emission
factor for 1990, and emissions for 1991 through 1996
were estimated with emission factors that incorporated
data on reductions in anode effects provided by alumi-
num companiesthrough the VVoluntary Aluminum Indus-
try Partnership (VAIP). The current inventory combines
data on smelter operating parameters (anode effect fre-
guency and anode effect duration) with slope coefficients
that relate the operating parameters to emissions of CF,
and C,F;. The operating parameter data has been reported
by smelters and the slope coefficients are based upon
measurements taken at the individual smelters. In cases
where data reports or smelter specific coefficients are
unavailable, technology-specific defaults have been
used. These revisions in methodology resulted in an
average increase of 0.3 MMTCE (8.3 percent) in annual
PFC emissions from aluminum production for 1990
through 1997.

Semiconductor Manufacture
HFC, PFC, and SF4 emissions from semiconductor

manufacture were estimated using silicon chip manufac-
turing characteristics and data provided through the
Emission Reduction Partnership for the Semiconductor
Industry. For previous Inventories, emissions were esti-
mated based on gas sales data from 1994, emission fac-
tors for the most commonly used gases, and projections
regarding the growth of semiconductor sales and the ef-
fectiveness of emission reduction efforts. For the 1998
Inventory, emissions have been recalculated using an
improved estimation method that uses two sets of data.
For 1990 through 1994, emissions were estimated based
on the historical consumption of silicon (sguare centi-
meters), the estimated average number of interconnect-
ing layers in the chips produced, and an estimated per-
layer emission factor. The average number of layers per
chip wasbased on industry estimates of silicon consump-
tion by line-width and of the number of layers per line-
width. The per-layer emission factor was based on the
total annual emissions reported by the participants in
the EPA’s Emission Reduction Partnership for the Semi-
conductor Industry. For the three years for which gas
sales data were available (1992 through 1994), the esti-
mates derived using the new method are within 10 per-
cent of the estimates derived using gas sales data and
average values for emission factors and GWP values.

For 1995 through 1998, emissions were estimated
based on the total annual emissions reported by the par-
ticipants in the EPA's Emission Reduction Partnership
for the Semiconductor Industry. Partners estimate their
emissions using a range of methods; the partners with
relatively high emissions typically multiply estimates
of their PFC consumption by process-specific emission
factors that they have either measured or obtained from
suppliers manufacturing equipment and based tools. To
estimatetotal U.S. emissionsfrom semiconductor manu-
facturing based on reported partner emissions, aper-plant
emissions factor was estimated for the partners. This
per-plant emission factor was then applied to plants op-
erated by semiconductor manufacturers who were not
partners, considering the varying characteristics of the
plants operated by partners and non-partners (e.g., typi-
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cal plant size and type of device produced). The result-
ing estimate of non-partner emissions was added to the
emissions reported by the partners to obtain total U.S.
emissions. These revisions in methodology resulted in
an average increase of 0.4 MMTCE (72.4 percent) in
annual HFC, PFC, and SF; emissions from semiconduc-
tor manufacture for 1990 through 1997.

Manure Management

The methodology for estimating N2O emissions
from manure management no longer assumes that 20
percent of the manure nitrogen volatilizes before N20
production and therefore is not available for N20O pro-
duction. This assumption was used in previous | nvento-
riesto correct for what appeared to be an inconsistency
with the Agricultural Soil Management emission esti-
mate methodologies, which account for indirect N20
emissions from nitrogen volatilized from managed ma-
nure systems, aswell asfrom nitrogen in applied animal
manure. However, asaresult of efforts carried out by the
IPCC in their work on inventory “good practice,” the
determination was made that there is not an inconsis-
tency. Through this process, it became clear that the
total amount of manure nitrogen in managed systemsis
available for both N20 production (accounted for in
the Manure Management calculations) and nitrogen
volatilization (accounted for in the Agricultural Soil
Management calculations). Therefore, thisstep hasbeen
removed so that the methodology corresponds with the
guidance described in IPCC/UNEP/OECD/IEA (1997).
Thisresultsin alarger amount of nitrogen available for
N20 production.

Additionally, al animal population data, except
horses, for 1994 through 1997 were updated to reflect
the recent publication of final livestock population es-
timates for 1994 through 1997 from USDA (USDA
1999a-f, i-0). Horse population data for 1990 through
1998 were updated to reflect updated data from the Food
and Agriculture Organization (FAO 1999). These meth-
odological and data changes together cause an average
increase of 1.9 MMTCE (11.2 percent) in annual CH,
emissions and 0.8 MMTCE (28.3 percent) in annual
N,O emissions from manure management for 1990

through 1997.

Rice Cultivation

The climatic conditions of Arkansas (in 1998),
southwest L ouisiana, Texas, and Floridaallow for asec-
ond, or ratoon, rice crop to be grown each year. This
second rice crop is produced from re-growth on the
stubble after the first crop has been harvested. For the
1990-1998 U.S. Inventory, the approach used to esti-
mate emissions from rice cultivation was modified to
account for emissions from ratooned and primary areas
separately. In this Inventory, data was collected on the
flooding season length, area cultivated, and emissions
rate range for both the primary and ratoon crops. In
previous Inventories, emissions from the primary and
ratoon seasons were not estimated separately. Instead,
flooding season lengths and a daily emission factor
range that are representative of the primary crop were
used to estimate emissions from both the primary and
ratooned areas. This approach was assumed to result in
areasonable first approximation for the ratooned areas
because the higher daily average emissions from ra-
tooned areas are at least somewhat canceled out by a
shorter ratoon flooding season (compared to the pri-
mary crop). For the current Inventory, information on
ratoon flooding season lengths was collected from agri-
cultural extension agents in the states that practice ra-
tooning, and emission factors for both the primary sea-
son and the ratoon season were derived from published
results of field experiments in the United States. This
change caused an average decrease of 0.2 MMTCE (6.3
percent) in annual CH, emissions from rice cultivation
for 1990 through 1997.

Agricultural Soil Management

The current Inventory includes two new sources of
nitrogen that were not accounted for in previous inven-
tories: land application of sewage sludge and produc-
tion of non-alfalfa forage legumes. The current Inven-
tory also includes several data and methodological
changesrelativeto the previous I nventory. Three changes
to the data have been made. First, an error wasfound in
a conversion factor used to calculate organic fertilizer
nitrogen consumption; correcting thisfactor hasresulted

Introduction 1-23



in higher organic fertilizer consumption statistics and
lower synthetic fertilizer consumption statistics. Sec-
ond, crop production statistics for some crops have
changed due to the use of updated statistics from the
U.S. Department of Agriculture (USDA 1994a, 1998).
Third, a more recent data source has been used to esti-
mate the annual areas under histosol cultivation, result-
ing in higher area estimates for the entire time series
(USDA 1994b).

Two methodological changes have also been
made. First, the emission factor for histosol cultivation
has been revised upward as a result of new guidance
proposed by the IPCC in their work on inventory “good
practice”” Second, in the indirect calculations for leach-
ing and runoff, the total amount of applied nitrogen has
been assumed to be subject to |eaching and runoff, rather
than just the unvolatilized portion. This change was
also aresult of work carried out under the “good prac-
tice” inventory effort. Through this process, it became
clear that the methodology assumes all of the volatil-
ized nitrogen redeposits. Therefore, in order to simplify
the methodology, rather than including a volatilization
and subsequent redeposition step, the leaching and run-
off fraction isjust applied to all the applied nitrogen in
a single calculation. This change to the leaching and
runoff calculation hasresulted in anincreasein the emis-
sion estimates for this process. All the changes taken
together (i.e., theinclusion of the two additional sources
of applied nitrogen, combined with the data changes
and the methodological changes) resulted in an average
increase in the annual emissions from agricultural soil
management of 10.2 MMTCE (14.7 percent) relative to
the estimates in the previous Inventory.

Agriculture Residue Burning

This inventory includes three methodological
changes as compared to previous Inventories. Previous
calculations on rice production in Floridawere based on
the assumption that the Sem-Chi Rice Co. accounted for
all of Florida srice production. However, this Inventory
uses revised production data to include acreage from
additional producers. Average production per acre for
Floridafor all yearswas assumed to be the same as 1998

productivity of Sem-Chi Rice. Total production in
Florida for 1990 through 1998 was estimated using this
average productivity and the revised annual acreage.

The methodology for estimating the percentage of
rice crop residue burned from rice was also revised. In
the previous Inventory, the percentage of rice burned
was assumed to be 3 percent in all states except Califor-
nia. To obtain a more accurate estimate for this Inven-
tory, estimates of the percentage of rice area burned per
year for 1990 through 1998 in each of the seven rice
burning states were obtained from agricultural exten-
sion agents. A weighted (by area) national average per-
cent area burned was calculated for each year.

Additionally, production numbers for corn were
changed to include only corn from grain. Corn for si-
lage was included in the previous Inventory, but is now
excluded because there is no resulting residue. Histori-
cal crop production data, which previously had been
taken from annual USDA summary reports, was revised
using two USDA reports of final crop estimates (USDA
199443, 1998). These methodological changes cause an
average decrease of lessthan 0.1 MMTCE (17.1 percent)
inannual CH, emissionsand lessthan 0.1 MMTCE (12.9
percent) in annual N,O emissions from agriculture resi-
due burning for 1990 through 1997.

Landfills

The methodol ogy used to estimate recovered land-
fill gas was altered from the previous Inventory. Previ-
ous landfill gas recovery estimates (1990-1997) were
based on 1990 and 1992 data obtained from Govern-
mental Advisory Associates (GAA 1994). The 1998 In-
ventory reflects estimates of landfill gas recovered per
year based on site-specific data collected from vendors
of flaring equipment, and a database on landfill gas-to-
energy (LFGTE) projects compiled by the EPA’s Land-
fill Methane Outreach Program (LMOP). Based on the
information provided by vendors, the EPA estimated to-
tal methane recovered due to the use of 235 flares for
1990 through 1998. Thisestimate likely underestimates
emissions because the EPA believes that more than 700
flares are in use at landfills in the United States. The
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EPA is currently working with the Solid Waste Associa-
tion of North America (SWANA) to better characterize
the emissions reduced by flaring and expects to present
arevised estimate in the next Inventory. Additionally,
the LMOP database provided data on landfill gas flow
and energy generation for 237 out of approximately 260
operational LFGTE projects. From this data, the EPA
was able to estimate the methane emissions avoided due
to LFGTE projects.

The EPA assumes that emissions from industrial
landfills are equal to seven percent of the total methane
emissionsfrom municipal landfills. Theamount of meth-
ane oxidized is assumed to be ten percent of the meth-
anegenerated (Liptay et al. 1998). To calculate net meth-
ane emissions, methane recovered and oxidized is sub-
tracted from methane generated at municipal and indus-
trial landfills. The 1990 through 1997 emission esti-
mates were updated for this Inventory according to the
revised recovery estimates. This change resulted in an
average decrease in the annual estimates of total CH,
emissions from landfills of 1.6 MMTCE (2.3 percent)
relative to the estimates in the previous Inventory.

Human Sewage

The assumptions used to estimate N,O emissions
from human sewage changed dlightly from those used
for the previous Inventory. The total estimate of nitro-
gen in human sewage was decreased by the amount of
nitrogen added to soils via sewage sludge applications
which are accounted for under the Agricultural Soil Man-
agement source category.

Annually variable population and per capita pro-
tein consumption factors were obtained from the U.S.
Census Bureau and the United Nations Food and Agri-
culture Organization (FAO), respectively. Protein con-
sumption estimates are updated by the FAO annually.
However, datafor proteinintake was unavailablefor 1998

and therefore, the value of per capita protein consump-
tion for the previous year was used. In addition, the
protein intake estimate for 1997 was unavailable for the
1997 Inventory. Thus, thisInventory reflects an updated
1997 protein intake estimate published in 1998. These
methodological changes for the 1990 through 1997 es-
timates resulted in an average annual decrease in N,O
emissionsfrom Human Sewage of 0.2 MM TCE (6.8 per-
cent) relative to the estimates in the previous Inventory.

Other Changes

Two source categories have been added in the cur-
rent Inventory. First, CO, emissions from the combus-
tion of plasticsin municipal solid waste are now reported
in the Waste Combustion section. Previously, only N,O
emissions had been estimated. The second, an addition
in Land-Use Change and Forestry, addresses the storage
of carbon resulting from the disposal of yard trimmings
in landfills. Yard trimmings, a sizeable portion of mu-
nicipal solid waste, are a significant carbon sink when
landfilled.

ThelPCC Reporting Tables, presented in Annex N
of the 1990-1997 Inventory, have been removed from
thisInventory. A new, more detailed, common reporting
format has been devel oped by the UNFCCC as a substi-
tute for those tables. The United States intends to sub-
mit information to the UNFCCC Secretariat using this
common reporting format in a separate report.
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2. Energy

Energy-rel ated activities were the primary sources of U.S. anthropogenic greenhouse gas emissions, accounting
for 85 percent of total emissions on a carbon equivaent basisin 1998. Thisincluded 99, 34, and 18 percent of
the nation’s carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O) emissons, respectively. Energy-related CO,
emissions alone congtituted 80 percent of national emissions from al sources on acarbon equivalent basis, while the non-
CO, emissions from energy represented a much smaller portion of total national emissions (4 percent collectively).

Emissions from fossil fuel combustion comprise the vast majority of energy-related emissions, with CO, being the
primary gas emitted (see Figure 2-1). Dueto the relative importance of fossil fuel combustion-related CO, emissions, they
are considered separately from other emissions. Fossil fuel combustion also emits CH, and N, O, as well as criteria pollut-
ants such as nitrogen oxides (NO,), carbon monoxide (CO), and non-methane volétile organic compounds (NMVOCS).
Mobile fossil fuel combustion was the second largest source of N,O emissions in the United States, and overall energy-

related activitieswere collectively thelargest source of crite-

Figure 2-1 ria pollutant emissions.

Energy-related activities other than fuel combustion,
such as the production, transmission, storage, and distribu-
Fossil Fuel Combustion [N B 458 tion of fossil fuels, also emit greenhouse gases. These emis-

Natural Gas Systems ||| N sionsconsist primarily of CH, from natural gas systems, pe-
Mobile Sources - troleum systems, and coal mining. Smaller quantitiesof CO,,

o CO, NMVOCs, and NO, ared so emitted.

Coal Mining - Portion of All . . .
Emissions The combustion of biomass and biomass-based fuels
Stationary Sources . also emitsgreenhouse gases. Carbon dioxide emissionsfrom
Petroleum Systems [ these activities, however, are not included in national emis-

sonstotalsin the Energy chapter because biomass fuels are
0 20 40 60 of biogenic origin. It is assumed that the carbon released

MMTCE when biomass is consumed is recycled as U.S. forests and
Crops regenerate, causing no net addition of CO, to the at-
mosphere. The net impacts of land-useand forestry activities
on the carbon cycle are accounted for in the Land-use change and Forestry chapter. Emissions of other greenhouse gases
from the combustion of biomass and biomass based fuels are included in nationd totals under stationary and mobile
combustion.

Natural Gas Flaring I

Overall, emissions from energy-related activities have increased from 1990 to 1998 due, in part, to the strong
performance of the U.S. economy. Over this period, the U.S. Gross Domestic Product (GDP) grew approximately 23
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Table 2-1: Emissions from Energy (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998

c0, 1,322.6 1,308.6 1,332.8 1,365.2 1,385.7 1,396.6 1,445.8 1,464.9 1,472.1
Fossil Fuel Combustion 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2
Natural Gas Flaring 2.5 2.8 2.8 3.7 3.8 4.7 4.5 4.2 3.9
Biomass-Wood* 55.6 56.2 59.0 58.8 61.4 64.2 66.1 62.9 64.2
International Bunker Fuels* 32.2 32.7 30.0 27.2 26.7 27.5 27.9 29.9 31.3
Biomass-Ethanol* 1.6 1.2 1.5 1.7 1.8 2.0 1.4 1.8 2.0
Fossil Fuel Carbon in Products*  (69.4)  (69.0) (70.7) (73.5) (78.4) (79.2) (80.7) (84.3) (85.6)

CH, 68.2 67.5 67.0 64.6 64.3 64.9 64.0 63.1 61.3
Natural Gas Systems 33.0 33.4 33.9 34.6 34.3 34.0 34.6 341 33.6
Coal Mining 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Petroleum Systems 7.4 7.5 7.2 6.9 6.7 6.7 6.5 6.5 6.3
Stationary Combustion 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3
Mobile Combustion 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3
International Bunker Fuels* + + + + + + + + +

N,0 17.6 18.3 19.5 20.4 211 21.4 21.7 215 215
Mobile Combustion 13.8 14.6 15.7 16.5 171 17.4 17.5 17.3 17.2
Stationary Combustion 3.8 3.8 3.9 3.9 4.0 4.0 4.2 4.2 4.3
International Bunker Fuels* 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.3

Total 1,408.4 1,3945 1,419.4 1,450.2 1,4711 1,483.0 1,531.5 1,549.5 1,554.8

+ Does not exceed 0.05 MMTCE

* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.

Table 2-2: Emissions from Energy (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996 1997 1998

c0, 4,849.6 4,798.2 4,887.1 5,005.8 5,081.0 5,121.0 5,301.4 5,371.4 5,397.7
Fossil Fuel Combustion 4,840.5 4,787.9 4,876.9 4,992.1 5,067.2 5,103.8 5,284.9 5,355.9 5,383.5
Natural Gas Flaring 9.1 10.3 10.2 13.7 13.8 17.2 16.5 15.5 14.2
Biomass-Wood* 203.8 2059 216.5 2154 2253  235.2 1625 2305 2356
International Bunker Fuels* 118.0 120.0 110.0 99.9 98.0 101.0 102.2 109.8 1147
Biomass-Ethanol* 5.7 4.5 5.5 6.1 6.7 7.2 5.1 6.7 7.3
Fossil Fuel Carbon in Products* (254.5) (253.2)  (259.1) (269.4) (287.4) (290.6) (295.9) (309.0) (313.8)

CH, 11.9 11.8 11.7 113 11.2 113 11.2 11.0 10.7
Natural Gas Systems 5.8 5.8 5.9 6.0 6.0 59 6.0 6.0 59
Coal Mining 4.2 4.0 3.8 3.4 3.4 3.6 3.3 3.3 3.1
Stationary Combustion 0.4 0.4 0.4 0.4 0.4 0.4 04 04 04
Petroleum Systems 1.3 1.3 1.3 1.2 1.2 1.2 1.1 1.1 1.1
Mobile Combustion 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2
International Bunker Fuels* + + + + + + + + +

N,0 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Mobile Combustion 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Stationary Combustion 3 3 3 I I I + + +
International Bunker Fuels* + + + + + + + + +

+ Does not exceed 0.05 Tg

* These values are presented for informational purposes only and are not included or are already accounted for in totals.

Note: Totals may not sum due to independent rounding.
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percent, or at an average annual rate of 3.1 percent. This
robust economic activity increased the demand for fossil
fuels, with an associated increasein greenhouse gasemis-
sions. Table 2-1 summarizes emissions for the Energy
chapter in units of million metric tons of carbon equiva-
lents (MMTCE), while unweighted gas emissions in
Teragrams (Tg) areprovided in Table 2-2. Overall, emis-
sions due to energy-related activities were 1,554.8
MMTCE in 1998, an increase of 10 percent since 1990.

Carbon Dioxide Emissions from
Fossil Fuel Combustion

Carbon dioxide emissions from fossil fuel com-
bustion grew by 0.5 percent from 1997 to 1998. Excep-
tionally mild winter conditions in 1998 moderated
growth in CO, emissions from fossil fuel combustion
bel ow what would have been expected given the strength
of the economy and continued low fuel prices. Overall,
CO, emissions from fossil fuel combustion have in-
creased by 11.2 percent since 1990.

Eighty-five percent of the energy consumed in the
United States was produced through the combustion of
fossil fuels such as coal, natural gas, and petroleum (see
Figure 2-2 and Figure 2-3). Of the remaining portion, 8
percent was supplied by nuclear electric power and 7
percent by renewable energy (EIA 1999a).

Asfossil fuelsare combusted, the carbon stored in
thefuelsisemitted as CO, and smaller amounts of other
gases, including methane (CH,), carbon monoxide (CO),
and non-methane volatile organic compounds
(NMVOCs). These other gases are emitted as a by-prod-
uct of incomplete fuel combustion.!

The amount of carbon in fuels varies significantly
by fuel type. For example, coal contains the highest
amount of carbon per unit of useful energy. Petroleum
has roughly 75 percent of the carbon per unit of energy
as coal, and natural gas has only about 55 percent.? Pe-
troleum supplied the largest share of U.S. energy de-
mands, accounting for an average of 39 percent of total

energy consumption over the period of 1990 through
1998. Natural gas and coal followed in order of impor-
tance, accounting for an average of 24 and 22 percent of
total consumption, respectively. Most petroleum was
consumed in the transportation end-use sector, while the
vast majority of coal was used by electric utilities, with
natural gas consumed largely in the industrial and resi-
dential end-use sectors (see Figure 2-4) (EIA 1999a).

Emissions of CO, from fossil fuel combustion in-
creased at an average annual rate of 1.3 percent from

Figure 2-2
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1 See the sections entitled Stationary Combustion and Mobile Combustion for information on non-CO, gas emissions from fossil fuel

combustion.

2 Based on national aggregate carbon content of all coal, natural gas, and petroleum fuels combusted in the United States.
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1990 to 1998. The major factor behind this trend was a
robust domestic economy, combined with relatively low
energy prices (see Figure 2-5). For example, petroleum
pricesreached historic lowsin 1998, with pricesin many
cases less than those seen in the 1970s before the ail

Figure 2-4
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crisis. After 1990, when CO, emissions from fossil fuel
combustion were 1,320.1 MMTCE (4,840.5 Tg), there
was a dlight decline of emissions in 1991 due to a na-
tional economic downturn, followed by an increase to
1,468.2 MMTCE (5,383.5 Tg) in 1998 (see Figure 2-5,
Table 2-3, and Table 2-4).

Since 1990, overall fossil fuel consumption in-
creased significantly. Higher coal consumption during
the period accounted for about 36 percent of the change
in total CO, emissions from fossil fuel combustion, pe-
troleum accounted for 42 percent, and natural gasfor 21
percent.

In regard to annual changes from 1997 to 1998,
absol ute emissions from petroleum and coal increased by
11.5 and 5.1 MMTCE, respectively. Increased demand
for transportation fuels and by electric utilities were the
primary causes of the growth in emissionsfrom petroleum
combustion, while record electricity demand drove most
of theincrease in emissions from coal combustion. Emis-
sions from natural gas combustion, however, decreased

Table 2-3: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (MMTCE)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Coal 480.9 4752 4775 4939 4952 4981 520.5 5345 539.6
Residential 1.6 1.4 1.5 1.5 1.4 1.4 1.4 1.5 1.5
Commercial 2.4 2.2 2.2 2.2 2.1 2.1 2.1 2.2 2.2
Industrial 67.7 64.1 61.8 61.4 61.9 61.4 59.2 58.7 58.4
Transportation + + + + + + + + +
Electric Utilities 409.0 407.2 411.8  428.7 4295 433.0 4575 4718 4773
U.S. Territories 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Natural Gas 2728 2777 286.0 2964 3014 3136 319.2 3188 309.7
Residential 65.1 67.5 69.4 73.4 7.7 7.7 77.5 73.7 66.3
Commerecial 38.8 40.4 415 431 42.9 44.8 46.7 47.6 449
Industrial 117.9 119.7 125.6 131.1 132.6 139.5 144.2 142.8 139.9
Transportation 9.8 8.9 8.8 9.3 10.2 10.4 10.6 11.2 10.8
Electric Utilities 41.2 411 40.7 39.5 44.0 47.2 40.3 43.6 47.8
U.S. Territories - - - - - - - - -
Petroleum 566.4 5529 566.5 571.1 585.4 580.3 601.7 607.3 618.9
Residential 23.9 24.4 24.8 26.2 25.3 25.7 27.2 27.0 27.0
Commercial 18.0 171 16.1 14.9 14.9 15.0 14.6 13.8 13.8
Industrial 100.0 942 104.2 98.0 102.0 97.5 103.3 105.8 101.8
Transportation 389.1 3819 3916 399.2 4115 4167 4305 4316  438.8
Electric Utilities 26.4 24.9 20.2 22.3 20.5 13.9 15.3 17.5 24.8
U.S. Territories 9.0 10.5 9.6 10.5 11.2 11.5 10.8 11.7 12.8
Geothermal* 0.1 0.1 0.1 0.1 + + + + +

Total

1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3

1,460.7 1,468.2

- Not applicable

+ Does not exceed 0.05 MMTCE

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.

Note: Totals may not sum due to independent rounding.

2-4 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1998



Figure 2-5
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by 9.1 MMTCE (2.9 percent), again due in large part to
the mild winter conditions and lower heating demands.

An analysis was performed by the EIA (1999c) to
examine the effects of weather conditions on U.S. fuel
consumption patterns. The analysis—using the EIA’'s
Short-Term Forecasting System—found that if normal
weather conditions had existed in 1998, overal CO,
emissions from fossil fuel combustion would have in-
creased by about 1.2 percent above weather-adjusted
emissions in 1997, instead of the actual 0.5 percent in-
crease.® See also Box 2-1 and Table 2-11 for additional
discussion on overall emission trends and Figure 2-9 for
data on heating degree days.*

Table 2-4: CO, Emissions from Fossil Fuel Combustion by Fuel Type and Sector (Tg)

Fuel/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Coal 1,763.3 1,7423 1,750.9 1,811.1 1,815.7 1,826.2 1,908.3 1,959.9 1,978.7
Residential 5.8 5.3 54 5.3 5.2 5.1 5.2 5.5 5.4
Commercial 8.7 8.0 8.1 8.1 7.8 7.6 7.8 8.2 8.1
Industrial 248.4 235.0 226.6 2251 2271 225.0 2170 2153  214.0
Transportation + + + + + + + + +
Electric Utilities 1,499.7 1,493.2 1,510.0 1,571.7 15747 15875 1,677.4 1,730.0 1,750.2
U.S. Territories 0.6 0.7 0.8 0.9 0.9 0.9 0.9 1.0 1.0
Natural Gas 1,000.3 1,018.1 1,048.6 1,086.7 1,105.0 1,149.7 1,170.4 1,168.9 1,135.4
Residential 238.5 247.3 254.5 269.1 262.9 263.0 2842 2702 2431
Commercial 142.4 148.2 152.3 158.2  157.2 164.3 1712 1745  164.5
Industrial 432.2 439.0 460.4 480.6  486.3 511.4 528.6  523.6  512.9
Transportation 36.0 32.8 321 33.9 37.2 38.1 38.7 41.0 39.6
Electric Utilities 151.1 150.6 149.3 1449 161.4 173.0 147.7 159.7  175.3
U.S. Territories - - - - - - - - -
Petroleum 2,076.7 2,027.4 2,077.2 2,0941 2,146.4 2,127.8 2,206.1 2,226.9 2,269.2
Residential 87.7 89.4 90.9 96.1 92.8 94.4 99.7 98.9 99.1
Commercial 66.1 62.6 59.1 54.7 54.7 54.9 53.6 50.8 50.5
Industrial 366.5 345.5 382.1 359.5 373.8 357.4 378.9 387.8 3732
Transportation 1,426.5 1,400.2 1,436.0 1,463.7 1,508.9 1,527.8 1,578.4 1,582.4 1,608.9
Electric Utilities 96.8 91.2 73.9 81.8 75.0 51.0 56.0 64.1 90.8
U.S. Territories 33.1 38.6 35.2 38.3 411 42.3 39.5 42.9 46.9
Geothermal* 0.2 0.2 0.2 0.2 0.2 0.1 + 0.1 0.1
Total 48405 4,7879 4,876.9 49921 5,067.2 5,103.8 5,284.9 5,355.9 5,383.5

- Not applicable
+ Does not exceed 0.05 Tg

* Although not technically a fossil fuel, geothermal energy-related CO, emissions are included for reporting purposes.

Note: Totals may not sum due to independent rounding.

3 The 1.2 percent growth rate in EIA’'s weather adjusted model is actually the average annual growth rate between 1990 and 1998. The
EIA goes on to state that given the high rate of economic growth in 1998, the increase in weather adjusted emissions between 1997 and

1998 would likely have been even greater.

4 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F, while cooling degree days are deviations of the mean daily temperature above 65° F. Excludes Alaska and Hawaii. Normals

are based on data from 1961 through 1990.
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For the purpose of international reporting the IPCC
(IPCC/UNEP/OECD/IEA 1997) requires that particular
adjustments be made to national fuel consumption sta-
tistics. Certain fossil fuel-based products are used for
manufacturing plastics, asphalt, or lubricants. A portion
of the carbon consumed for these non-energy products
can be sequestered for long periods of time. To account
for the fact that the carbon in these fuels ends up in
products instead of being combusted (i.e., oxidized and
released into the atmosphere), the fraction of fossil fuel-
based carbon in manufactured productsis subtracted from
emission estimates. The IPCC (1997) also requires that
CO, emissions from the consumption of fossil fuels for
aviation and marine international transport activities
(i.e., international bunker fuels) be reported separately,
and not included in national emission totals. Both esti-
mates of carbon in products and international bunker
fuel emissionsfor the United Statesare provided in Table
2-5 and Table 2-6.

End-Use Sector Consumption

When analyzing CO, emissions from fossil fuel
combustion, four end-use sectors were defined: indus-
trial, transportation, residential, and commercial. Elec-
tric utilities also emit CO,; however, these emissions
occur as they combust fossil fuels to provide electricity
to one of the four end-use sectors. For the discussion
below, electric utility emissions have been distributed
to each end-use sector based upon their share of national
electricity consumption. This method of distributing
emissions assumes that each sector consumes electricity
from an equally carbon-intensive electricity source. In
reality, sources of electricity vary widely in carbon in-
tensity. By giving equal carbon-intensity weight to each
sector’s el ectricity consumption, for example, emissions
attributed to the industrial end-use sector may be over-
estimated, while emissions attributed to the residential
end-use sector may be underestimated. After the end-use
sectors are discussed, emissions from electric utilities
are addressed separately. Emissionsfrom U.S. territories

Table 2-5: Fossil Fuel Carbon in Products and CO, Emissions from International Bunker Fuel Combustion (MMTCE)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Fossil Fuel Carbon in Products 69.4 69.0 70.7 73.5 78.4 79.2 80.7 84.3 85.6
Industrial 67.5 67.2 68.9 71.6 76.5 774 78.7 82.2 83.3
Transportation 1.8 1.6 1.6 1.7 1.7 1.7 1.6 1.7 1.8
Territories 0.2 0.3 0.1 0.2 0.2 0.2 0.3 0.4 0.4
International Bunker Fuels* 32.2 32.7 30.0 27.2 26.7 215 27.9 29.9 31.3
Aviation* 12.7 12.7 12.9 13.0 13.2 13.9 14.2 15.2 15.5
Marine* 19.4 20.0 171 14.3 13.6 13.6 13.7 14.7 15.8

* See International Bunker Fuels for additional detail.
Note: Totals may not sum due to independent rounding.

Table 2-6: Fossil Fuel Carbon in Products and GO, Emissions from International Bunker Fuel Combustion (Tg C0,)

Category/Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Fossil Fuel Carbon in Products 25645 2532 259.1 2694 2874 290.6 2959 309.0 313.8
Industrial 2473 2464 2526 2626 280.4 283.6 288.6  301.3 3055
Transportation 6.5 5.8 6.0 6.1 6.3 6.2 6.0 6.4 6.7
Territories 0.7 0.9 0.5 0.7 0.6 0.7 1.2 1.4 1.6
International Bunker Fuels* 118.0 120.0 110.0 99.9 98.0 101.0 1022 109.8 1147
Aviation* 46.7 46.7 471 47.6 48.3 51.1 52.1 55.9 56.9
Marine* 71.2 73.3 62.8 52.3 49.7 49.9 50.1 53.9 57.8

* See International Bunker Fuels for additional detail.
Note: Totals may not sum due to independent rounding.
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Table 2-7: CO, Emissions from Fossil Fuel Gombustion by End-Use Sector (MMTCE)*

End-Use Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Industrial 451.7 440.3  458.0 458.0 466.2 464.4 4713 4825 478.9
Combustion 285.6 2781 2916 290.5 296.5 298.3 306.7  307.3 300.0
Electricity 166.2 162.2  166.4 167.5 169.7 166.0 170.6  175.3 178.9
Transportation 399.6 391.5 4011 409.1 4223 421.7 441.7 4434 450.3
Combustion 398.9 390.8 4004 408.5 421.7 4271 4411 4427 449.6
Electricity 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Residential 252.9 257.0  255.8 271.6 268.2 269.8 2854  284.7 286.8
Combustion 90.6 93.3 95.7 101.0 98.4 98.8 1061 102.2 94.8
Electricity 162.4 163.7  160.1 170.5 169.8 170.9 179.3  182.6 192.0
Commercial 206.7 206.3  205.4 212.0 213.8 218.3 225.9 238.0 239.3
Combustion 59.2 59.7 59.9 60.2 59.9 61.9 63.4 63.7 60.9
Electricity 147.4 146.7  145.5 151.8 153.9 156.4 162.5 174.4 178.4
U.S. Territories 9.2 10.7 9.8 10.7 11.5 11.8 11.0 12.0 13.0
Total 1,320.1 1,305.8 1,330.1 1,361.5 1,382.0 1,392.0 1,441.3 1,460.7 1,468.2

* Emissions from fossil fuel combustion by electric utilities are allocated based on electricity consumption by each end-use sector.

Note: Totals may not sum due to independent rounding.
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are also calculated separately due to alack of end-use-
specific consumption data. Table 2-7 and Figure 2-6 sum-
marize CO, emissionsfrom direct fossil fuel combustion
and pro-rated emissions from electricity consumption
by end-use sector.

Theoverall demand for energy inthe United States
and other countriesfluctuatesin responseto general eco-
nomic conditions, energy prices, and weather. For ex-
ample, ayear with strong economic growth, low energy
prices, and severe summer and winter weather condi-
tions would be expected to have proportionally greater
emissions from fossil fuel combustion than a year with
poor economic performance, high energy prices, and mild

averagetemperatures. Except for 1991, economic growth
in the United States during the 1990s has fluctuated but
overall been robust, and energy prices have been low
and declining. Average U.S. temperatures, however have
fluctuated more significantly, with hotter summer tem-
peratures in 1998 stimulating electricity demand and
warmer winter temperatures reducing demand for heat-
ing fuels.

L onger-term changes in energy consumption pat-
terns are a function of variables that affect the scale of
consumption (e.g., population, number of cars, and size
of houses) and the efficiency with which energy is used
in equipment (e.g., cars, power plants, steel mills, and
light bulbs) and consumer behavior (e.g., bicycling or
tele-commuting to work instead of driving).

Carbon dioxide emissions, however, arealso afunc-
tion of the type fuel combusted and its carbon intensity.
Producing heat or electricity using natural gas or wind
energy instead of coal, for example, can reduce or even
eliminate the CO, emissions associ ated with energy con-
sumption (see Box 2-1).

Industrial End-Use Sector

The industrial end-use sector accounted for ap-
proximately one-third of CO, emissionsfrom fossil fuel
combustion. On average, nearly 63 percent of these emis-
sions resulted from the direct consumption of fossil fu-
els in order to meet industrial demand for steam and
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process heat. The remaining 37 percent resulted from
their consumption of electricity for uses such as motors,
electric furnaces, ovens, and lighting.

The industrial end-use sector includes activities
such as manufacturing, construction, mining, and agri-
culture. Thelargest of these activitiesin terms of energy
consumption is manufacturing, which was estimated in
1994 to have accounted for 80 percent of industrial en-
ergy consumption (EIA 1997). Therefore, in general
emissions from the industrial end-use are fairly corre-
lated with economic growth, however, certain activities
within the sector, such as heating of industrial buildings
and agriculture, are also affected by weather conditions.

According to current EIA sectoral definitions, the
industrial sector also includes emissions from nonutility
generators (e.g., independent power producers) who pro-
duce electricity for their own use, to sell to large con-
sumers, or to sell on the wholesale electricity market.
The number and quantity of electricity generated by
nonutilities has increased significantly as many states
have begun deregulating their electricity markets. In
future inventories, these nonutility generators will be
removed from theindustrial sector and incorporated into
a single sector with electric utilities.

Although thelargest share of emissionswas attrib-
uted to the industrial end-use sector, from 1990 to 1998,
its emissions grew the least in percentage terms (6 per-
cent). From 1997 to 1998, emissions actually declined
dlightly (1 percent), likely duein part to lower output by
some energy intensive industries—such as primary met-
als—and weather-related changes in agricultural activi-
ties.

Theindustry was also the largest user of fossil fu-
elsfor non-energy applications. Fossil fuels can be used
for producing products such as fertilizers, plastics, as-
phalt, or lubricantsthat can sequester or store carbon for
long periods of time. Asphalt used in road construction,
for example, stores carbon essentially indefinitely. Simi-
larly, fossil fuels used in the manufacture of materials
like plastics can also store carbon, if the material is not
burned. The amount of carbon contained in industrial
products made from fossil fuelsrose 24 percent between
1990 and 1998, to 85.6 MMTCE (313.8 Tg CO,).

Transportation End-Use Sector

Transportation was second to the industrial end-
use sector intermsof U.S. CO, emissionsfrom fossil fuel
combustion, accounting for slightly over 30 percent—
excluding international bunker fuels. Almost all of the
energy consumed in this end-use sector came from pe-
troleum-based products, with nearly two-thirds due to
gasoline consumption in automobiles and other high-
way vehicles. Other uses, including diesel fuel for the
trucking industry and jet fuel for aircraft, accounted for
the remainder.

Following the overall trend in U.S. energy con-
sumption, fossil fuel combustion for transportation grew
steadily after declining in 1991, resulting in an increase
in CO, emissions of 33 percent from 1990 to 454.9
MMTCE (1,668.0 Tg) in 1998. Thisincrease was prima-
rily the result of greater motor gasoline and jet fuel con-
sumption. It was dlightly offset by decreases in the con-
sumption of residual fuel.

Overall, motor vehicle fuel efficiency stabilized
in the 1990s after increasing steadily since 1977 (EIA
1999a). Thistrend was due, in part, to adecline in gaso-
line prices and new motor vehicle sales being increas-
ingly dominated by less fuel-efficient light-duty trucks
and sport-utility vehicles (see Figure 2-7 and Figure 2-8).
Moreover, declining petroleum prices during the 1990s,
combined with a strong economy and a growing popul a-
tion, were largely responsible for an overall increase in
vehicle milestraveled (EIA 1999a).

Figure 2-7
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Source for gasoline prices: DOE/EIA-0384(97), Annual Energy
Review 1997, July, 1998, Table 5.22

Source for motor vehicle fuel efficiency: DOT/FHWA, Highway
Statistics Summary to 1995, Highway Statistic 1996, 1997, 1998.
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Table 2-8 provides a detailed breakdown of CO,
emissions by fuel category and vehicle type for the
transportation end-use sector. Fifty-eight percent of
the emissions from this end-use sector were the result
of the combustion of motor gasoline in passenger cars
and light-duty trucks. Diesel highway vehicles and
jet aircraft were also significant contributors, each ac-
counting for 14 percent of CO, emissions from the
transportation end-use sector.

Residential and Commercial End-Use Sectors

From 1990 to 1998, the residential and commer-
cial end-use sectors, on average, accounted for 20 and 16
percent, respectively, of CO, emissions from fossil fuel
combustion. Both end-use sectors were heavily reliant
on electricity for meeting energy needs, with about two-
thirds of their emissions attributable to electricity con-
sumption for lighting, air conditioning, and operating
appliances. Theremaining emissionswerelargely dueto
thedirect consumption of natural gasand petroleum prod-
ucts, primarily for heating and cooking needs. Coal con-
sumption was a minor component of energy use in both
the residential and commercial end-use sectors.

Unlike in other major end-use sectors, emissions
from residences and commercial buildings did not de-
cline during the economic downturn in 1991, but in-
stead decreased in 1994, then grew steadily through
1998. Thisdifferencein overall trends compared to other

end-use sectors is because energy consumption in resi-
dencesand commercial buildingsisaffected proportion-
ately more by the weather than by prevailing economic
conditions. Both end-use sectors are also affected by
population and regional migration trends.

In 1998, winter conditions in the United States
were extremely warm, with heating degree days 12 per-
cent below normal (see Figure 2-9). Due primarily to
these warm winter conditions, emissions from natural
gas consumption in residences and commercial estab-
lishments declined by an impressive 10 and 6 percent,
respectively.

In 1998, electricity consumption in the residential
and commercial end-use sectors increased by 4.5 and
1.7 percent, respectively. Theseincreaseswere partly the
result of air conditioning related demand and the hotter
than normal summer in 1998, with cooling degree days
12 percent above normal (see Figure 2-10). U.S. tem-
peratures during June, July, and August of 1998 were on
average 10 percent higher than normal levels.® In the
month of June, alone, residential customers increased
their consumption of electricity by 17 percent above
that for the same period the previous year (EIA 1999D).

Electric Utilities
The United States relied on electricity to meet a
significant portion of its energy requirements. Electric-

Figure 2-8 Figure 2-9
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1999, Table 1.7 and 1.8.

5 Degree days are relative measurements of outdoor air temperature. Heating degree days are deviations of the mean daily temperature
below 65° F. Excludes Alaska and Hawaii. Normals are based on data from 1961 through 1990.

6 Measured in terms of cooling degree days. Normals defined by the average between 1961 and 1990.
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Table 2-8: CO, Emissions from Fossil Fuel Combustion in Transportation End-Use Sector (MMTCE)

Fuel/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Motor Gasoline 2606 259.2  263.1 269.0 2733 2789 2841 286.5 294.6
Passenger Cars 167.1 165.8 169.8 1712 1702 1729 176.4 1779 182.9
Light-Duty Trucks 74.8 74.6 74.5 7.7 84.1 85.7 87.4 88.1 90.6
Other Trucks 11.3 11.2 11.2 11.7 10.4 10.9 11.1 11.0 11.4
Motorcycles 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5
Buses 0.6 0.6 0.6 0.7 0.9 0.8 0.6 0.6 0.6
Construction Equipment 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.7
Agricultural Machinery 1.2 1.2 1.2 2.0 2.1 2.2 2.1 2.2 2.3
Boats (Recreational) 4.6 4.7 4.7 4.6 4.5 5.3 5.4 5.5 5.6
Distillate Fuel Qil (Diesel) 75.7 72.6 75.3 713 82.5 83.8 89.8 93.5 94.0
Passenger Cars 1.9 1.9 2.0 2.0 2.0 2.0 2.1 2.2 2.1
Light-Duty Trucks 2.4 2.4 2.4 2.6 2.8 3.0 3.6 3.9 3.9
Other Trucks 44.8 42.9 445 47.2 51.4 52.4 56.5 58.9 58.8
Buses 2.1 2.2 2.2 2.3 2.3 2.7 2.4 2.5 2.5
Construction Equipment 2.9 2.8 2.9 2.9 2.9 2.8 3.0 3.0 3.0
Agricultural Machinery 6.3 6.2 6.3 6.3 6.3 6.2 6.5 6.7 6.7
Boats (Freight) 4.9 4.8 5.0 4.6 4.5 4.3 5.0 5.0 5.0
Locomotives 7.2 6.6 7.2 6.5 7.8 7.9 8.6 8.8 8.8
Marine Bunkers 3.1 2.9 2.9 2.9 2.4 2.5 2.2 2.5 3.1
Jet Fuel 60.1 58.1 57.6 58.1 60.4 60.0 62.7 63.3 64.2
General Aviation 1.7 1.5 1.3 1.1 1.2 1.4 1.6 1.7 1.7
Commercial Air Carriers 32.2 29.8 30.6 31.3 32.0 33.1 341 35.3 35.8
Military Vehicles 9.8 9.7 7.5 7.2 6.2 5.8 54 4.8 5.0
Aviation Bunkers 12.7 12.7 12.9 13.0 13.2 13.9 14.2 15.2 15.5
Other" 3.6 4.3 5.3 5.5 7.8 5.6 7.4 6.3 6.2
Aviation Gasoline 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7
General Aviation 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7
Residual Fuel 0il 21.9 22.0 23.0 19.4 19.1 18.5 19.2 15.5 145
Boats (Freight) 5.6 49 8.8 8.1 79 7.4 7.7 3.2 1.9
Marine Bunkers 16.4 17.1 14.3 11.4 11.2 111 11.4 12.2 12.7
Natural Gas 9.8 8.9 8.8 9.3 10.2 104 10.6 11.2 10.8
Passenger Cars + + + + + + + + +
Light-Duty Trucks I I I I I I + + +
Buses + + + + + + + + +
Pipeline 9.8 8.9 8.8 9.2 10.1 10.4 10.5 11.1 10.7
LPG 0.4 0.3 0.3 0.3 0.5 0.5 0.3 0.2 0.2
Light-Duty Trucks 0.1 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1
Other Trucks 0.2 0.2 0.2 0.2 0.3 0.3 0.1 0.1 0.1
Buses + + + + + + + + +
Electricity 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Buses + + + + + + + + +
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Pipeline 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lubricants 1.8 1.6 1.6 1.6 1.7 1.7 1.6 1.7 1.8
Total (including bunkers) 431.8 4242 4311 436.4 4491 455.3 469.6 4734 4815

Note: Totals may not sum due to independent rounding. Estimates include emissions from the combustion of both aviation and marine

international bunker fuels.

* Including but not limited to fuel blended with heating oils and fuel used for chartered aircraft flights.

+ Does not exceed 0.05 MMTCE
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Figure 2-10
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ity was consumed primarily in the residential, commer-
cial, and industrial end-use sectorsfor uses such aslight-
ing, heating, electric motors, appliances, el ectronics, and
air conditioning (see Figure 2-11).

In 1998, retail sales by electric utilities increased
in all end-use sectors due largely to robust economic
growth and the year’'s summer weather conditions. The
summer of 1998 for the United States was exceptionally
warm, with cooling degree days 14 percent above nor-
mal (see Figure 2-10).” Asaresult, in part, of increased
demand for electricity, especially for air conditioning,

emissionsfrom electric utilitiesrose by 3.2 percent from
1997 to 1998.

To generate the majority of this electricity, utili-
tiescombusted fossil fuels, especially coal. In 1998, elec-
tric utilitieswere thelargest producers of CO, emissions
from fossil fuel combustion, accounting for 37 percent.
Electric utilities were responsible for such alarge share
of emissions partly because they rely on more carbon
intensive coal for a majority of their primary energy.
Some of the electricity consumed in the United States
was generated using low or zero CO, emitting technol o-
gies such as hydroelectric or nuclear energy. In 1998,
however, coal, natural gas, and petroleum were used to
produce the majority—52, 15, and 4 percent, respec-
tively—of the electricity generated by utilities in the
United States (EIA 1999b).

Electric utilities were the dominant consumer of
coal in the United States, accounting for 88 percent in
1998. Conseguently, changesin electricity demand have
a significant impact on coa consumption and associ-
ated CO, emissions. In fact, electric utilities consumed
record amounts of coal (18,717 TBtu) in 1998. Overall,
emissionsfrom coal burned at electric utilitiesincreased
by 17 percent from 1990 to 1998. Thisincreasein coal-
related emissions from was al one responsiblefor 46 per-
cent of the overall risein CO, emissionsfrom fossil fuel
combustion.

In addition to this rise in consumption of coal,
consumption of both natural gasand petroleum also rose
in 1998 by 10 and 42 percent, respectively (EIA 1999f).
This dramatic change in petroleum consumption was
due mainly to adrop in petroleum prices (26 percent or
the lowest price in 20 years) and the increased electric-
ity demand which required the use of idle or
underutilized petroleum units (EIA 1999b).

Demand for fossil fuels by electric utilitiesis also
affected by the supply of electricity from other energy
sources. In 1998, there was a significant decline in hy-
droelectric generation (8.5 percent) due mainly to re-
duced snowfall in the Northwest (EIA 1999b). This de-

7 Cooling degree days in 1998 were approximately 3 standard deviations above the normal value (i.e., average of 1961 to 1990).

Energy 2-11



Box 2-1: Sectoral Carhon Intensity Trends Related to Fossil Fuel and Overall Energy Consumption

Fossil fuels are the predominant source of energy in the United States, and carbon dioxide (CO,) is emitted as a product from their
complete combustion. Useful energy, however, can be generated from many other sources that do not emit CO, in the energy
conversion process.® In the United States, useful energy is also produced from renewable (i.e., hydropower, biofuels, geothermal,
solar, and wind) and nuclear sources.

Energy-related CO, emissions can be reduced by not only lowering total energy consumption (e.g., through conservation
measures) but also by lowering the carbon intensity of the energy sources employed (e.g., fuel switching from coal to natural gas).
The amount of carbon emitted—in the form of CO,—from the combustion of fossil fuels is dependent upon the carbon content of
the fuel and the fraction of that carbon that is oxidized. Fossil fuels vary in their average carbon content, ranging from about 13.7
MMTCE/EJ for natural gas to 26.4 MMTCE/EJ for coal and petroleum coke.® In general, the carbon intensity of fossil fuels is the
highest for coal products, followed by petroleum and then natural gas. Other sources of energy, however, may be directly or indirectly
carbon neutral (i.e., 0 MMTCE/EJ). Energy generated from nuclear and many renewable sources do not result in direct emissions of
CO,. Biofuels such as wood and ethanol are also considered to be carbon neutral, as the CO, emitted during combustion is assumed
to be offset by the carbon sequestered in the growth of new biomass.'® The overall carbon intensity of the U.S. economy is thus
dependent upon the quantity and combination of fuels and other energy sources employed to meet demand.

Table 2-9 provides a time series of the carbon intensity for each sector of the U.S. economy. The time series incorporates only the
energy consumed from the direct combustion of fossil fuels in each sector. For example, the carbon intensity for the residential sector
does not include the energy from or emissions related to the consumption of electricity for lighting or wood for heat. Looking only at
this direct consumption of fossil fuels, the residential sector exhibited the lowest carbon intensity, which was related to the large
percentage of energy derived from natural gas for heating. The carbon intensity of the commercial sector was greater than the
residential sector for the period from 1990 to 1996, but then declined to an equivalent level as commercial businesses shifted away
from petroleum to natural gas. The industrial sector was more dependent on petroleum and coal than either the residential or
commercial sectors, and thus had higher carbon intensities over this period. The carbon intensity of the transportation sector was
closely related to the carbon content of petroleum products (e.g., motor gasoline and jet fuel), which were the primary sources of
energy. Lastly, the electric utility sector had the highest carbon intensity due to its heavy reliance on coal for generating electricity.

Table 2-9: Carbon Intensity from Direct Fossil Fuel Combustion by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Residential? 147 147 14.6 14.6 14.6 14.6 14.6 14.7 14.7
Commercial? 152 151 15.0 14.9 14.9 14.8 14.8 14.7 14.8
Industrial® 169 16.8 16.7 16.6 16.6 16.5 16.4 16.4 16.4
Transportation? 183 183 18.3 18.3 18.3 18.2 18.2 18.2 18.2
Electric Utilities® 224 224 22.4 225 22.4 22.4 22.6 22.6 22.5
All Sectors® 18.7 18.7 18.6 18.7 18.6 18.6 18.6 18.6 18.7

2 Does not include electricity or renewable energy consumption.

b Does not include electricity produced using nuclear or renewable energy.

¢ Does not include nuclear or renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Exajoule (EJ) = 108 joules = 0.9479 QBtu.

8 CO, emissions, however, may be generated from upstream activities (e.g., manufacture of the equipment).
° One exajoule (EJ) is equal to 108 joules or 0.9478 QBtu.

10 This statement assumes that there is no net loss of biomass-based carbon associated with the land use practices used to produce these
biomass fuels.
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In contrast to Table 2-9, Table 2-10 presents carbon intensity values that incorporate energy consumed from all sources (i.e., fossil
fuels, renewables, and nuclear). In addition, the emissions related to the generation of electricity have been attributed to both electric
utilities and the sector in which that electricity was eventually consumed.!! This table, therefore, provides a more complete picture of
the actual carbon intensity of each sector per unit of energy consumed. The transportation sector in Table 2-10 emerges as the most
carbon intensive when all sources of energy are included, due to its almost complete reliance on petroleum products and relatively
minor amount of biomass based fuels such as ethanol. The “other end-use sectors” (i.e. the residential, commercial, and industrial
sectors) use significant quantities of biofuels such as wood, thereby lowering the overall carbon intensity. The carbon intensity of
electric utilities differs greatly from the scenario in Table 2-9 where only the energy consumed from the direct combustion of fossil fuels
was included. This difference is due almost entirely to the inclusion of electricity generation from nuclear and hydropower sources,
which do not emit carbon dioxide.

Table 2-10: Carbon Intensity from Energy Consumption by Sector (MMTCE/EJ)

Sector 1990 1991 1992 1993 1994 1995 1996 1997 1998
Transportation? 18.2 18.2 18.2 18.2 18.2 18.1 18.1 18.1 18.1
Other End-Use SectorsaP 14.9 14.7 14.7 14.8 14.7 14.4 14.5 14.7 14.7
Electric Utilities® 15.3 15.0 15.2 15.3 15.2 14.8 14.9 15.4 15.4
All Sectors® 15.8 15.6 15.7 15.7 15.7 15.5 15.5 15.7 15.7

2 Includes electricity (from fossil fuel, nuclear, and renewable sources) and direct renewable energy consumption.

b Other End-Use Sectors include the residential, commercial, and industrial sectors.

¢ Includes electricity generation from nuclear and renewable sources.

4 Includes nuclear and renewable energy consumption.

Note: Excludes non-energy fuel use emissions and consumption. Assumed that residential consumed all of the biofuel-based energy and 50
percent of the solar energy in the combined EIA residential/commercial sector category. Exajoule (EJ) = 1018 joules = 0.9479 QBtu.

By comparing the values in Table 2-9 and Table 2-10, a Figure 2-12
couple of observations can be made. The usage of renewable
and nuclear energy sources has resulted in a significantly lower

carbon intensity of the U.S. economy. However, over the nine Dark shaded columns relate to changes in emissions from

year period of 1990 through 1998, the carbon intensity of electricity consumption. Lightly shaded columns relate to
. . . changes in emissions from direct fossil fuel combustion.
U.S. fossil fuel consumption has been fairly constant, as the
proportion of renewable and nuclear energy technologies has 60 §
o 2
not changed significantly. " ]
&
Figure 2-12 and Table 2-11 present the detailed CO, emis- w 30 = 3
sion trends underlying the carbon intensity differences and £
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changes described in Table 2-9. In Figure 2-12, changes over
time in both overall end-use sector-related emissions and elec- 0 ,‘
tricity-related emissions for each year since 1990 are high-
lighted. In Table 2-11 changes in emissions since 1990 are
presented by sector and fuel type to provide more detail on
these changes.

1992

Residential Commercial Industrial Transportation

1 In other words, the emissions from the generation of electricity are intentionally double counted by attributing them both to utilities
and the sector in which electricity consumption occurred.
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Table 2-11: Change in CO, Emissions from Direct Fossil Fuel Combustion Since 1990 (MMTCE)

Sector/Fuel Type 1991 1992 1993 1994 1995 1996 1997 1998
Residential 2.7 5.1 10.5 7.9 8.3 15.5 11.6 4.2
Coal (0.1) (0.1) (0.1) (0.2) (0.2) (0.2) (0.1) (0.1)
Natural Gas 2.4 4.4 8.3 6.6 6.7 12.4 8.6 1.2
Petroleum 0.5 0.9 2.3 1.4 1.8 3.3 3.1 3.1
Commercial 0.4 0.6 1.0 0.7 2.6 4.2 4.4 1.6
Coal (0.2) (0.2) (0.2) (0.3) (0.3) (0.3) (0.1) (0.2)
Natural Gas 1.6 2.7 4.3 4.0 6.0 79 8.7 6.0
Petroleum (0.9) (1.9) (3.1) (3.1) (3.0) (3.4) (4.2) (4.3)
Industrial (7.5) 6.0 49 10.9 12.7 211 21.7 14.5
Coal (3.6) (5.9) (6.3) (5.8) (6.4) (8.6) (9.0 (9.4)
Natural Gas 1.9 7.7 13.2 14.7 21.6 26.3 24.9 22.0
Petroleum (5.7) 4.2 (1.9) 2.0 (2.5) 3.4 5.8 1.8
Transportation (8.1) 1.5 9.6 22.8 28.2 421 43.9 50.7
Coal - - - - - - - -
Natural Gas (0.9) (1.1) (0.6) 0.3 0.6 0.7 1.4 1.0
Petroleum (7.2) 2.6 10.1 22.5 27.3 41.4 42.5 49.7
Electric Utility (3.4) (3.9) 13.9 17.3 17.4 36.4 56.2 73.3
Coal (1.8) 2.8 19.7 20.5 24.0 48.5 62.8 68.3
Natural Gas (0.1) (0.5) (1.7 2.8 6.0 (0.9) 2.4 6.6
Petroleum (1.5) (6.2) (4.1) (6.0) (12.5) (11.1) (8.9) (1.6)
U.S. Territories 15 0.6 15 2.3 2.6 1.8 2.8 3.9
Coal + + 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas - - - - - - - -
Petroleum 1.5 0.6 1.4 2.2 2.5 1.8 2.7 3.8
All Sectors (14.3) 9.9 1.4 61.8 71.8 121.2 140.6 148.1

+ Does not exceed 0.05 MMTCE
- Not applicable
Note: Totals may not sum due to independent rounding.

cline, however, offset by a slightly larger increase in
electricity generation at huclear power plants (7 percent)
after seven generating units, that had previously been
idle, were brought back into service (EIA 1999b).

It is important to note that the electric utility sec-
tor includes only regulated utilities. According to cur-
rent EIA sectoral definitions, nonutility generators of
electricity (e.g., independent power producers, qualify-
ing cogenerators, and other small power producers) are
included in the industrial sector. These nonutility gen-
erators produce electricity for their own use, to sell to
large consumers, or to sell on the wholesale electricity
market. The number and quantity of electricity gener-
ated by nonutilities has increased significantly as many
states have begun deregulating their electricity markets.

A recent report by the U.S. Department of Energy
and the EPA (DOE and EPA 1999) estimated emissions
from the entire electric power industry, including regu-

lated utilities and nonutilities. According to this report
CO, emissions from nonutilities in 1998 were 56
MMTCE, bringing combined emissions from electricity
generation up to 41 percent (605.5 MMTCE) of total
U.S. CO, emissions from fossil fuel combustion, versus
37 percent from utilities alone. In other words,
nonutilitieswereresponsiblefor 10 percent of emissions
from electricity generation. The growth in nonutility
emissions from 1997 to 1998 was 9 percent. In future
inventories, these nonutility generators will be removed
from the industrial sector and incorporated into a single
sector with electric utilities.

Methodology

The methodology used by the United States for
estimating CO, emissionsfrom fossil fuel combustionis
conceptually similar to the approach recommended by
the IPCC for countries that intend to develop detailed,
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sectoral-based emission estimates (IPCC/UNEP/OECD/
IEA 1997). A detailed description of the U.S. methodol-
ogy ispresented in Annex A, and is characterized by the
following steps:

1. Determine fuel consumption by fuel type and
sector. By aggregating consumption data by sector (e.g.,
commercia, industrial, etc.), primary fuel type (e.g., coal,
petroleum, gas), and secondary fuel category (e.g., mo-
tor gasoline, distillate fuel oil, etc.), estimates of total
U.S. fossil fuel consumption for a particular year were
made. The United States does not include territories in
its national energy statistics; therefore, fuel consump-
tion data for territories was collected separately. 12

2. Determine the total carbon content of fuels
consumed. Total carbon was estimated by multiplying
the amount of fuel consumed by the amount of carbonin
each fuel. This total carbon estimate defines the maxi-
mum amount of carbon that could potentially be rel eased
to the atmosphere if all of the carbon in each fuel were
converted to CO,,. The carbon content coefficients used
by the United States are presented in Annex A.

3. Subtract the amount of carbon stored in prod-
ucts. Non-energy uses of fossil fuels can result in storage
of some or all of the carbon contained in the fuel for
some period of time, depending on the end-use. For ex-
ample, asphalt made from petroleum can sequester up to
100 percent of the carbon for extended periods of time,
while other fossil fuel products, such as lubricants or
plastics, lose or emit some carbon when they are used
and/or burned as waste. Aggregate U.S. energy statistics
include consumption of fossil fuelsfor non-energy uses,
therefore, the portion of carbon that remainsin products
after they are manufactured was subtracted from poten-
tial carbon emission estimates. The amount of carbon
remaining in products was based on the best available
dataon the end-uses and fossil fuel products. These non-
energy uses occurred in the industrial and transporta-
tion sectorsand U.S. territories.’

4. Adjust for carbon that does not oxidize during
combustion. Because combustion processes are not 100
percent efficient, some of the carbon contained in fuels
is not emitted to the atmosphere. Rather, it remains be-
hind as soot and ash. The estimated amount of carbon
not oxidized due to inefficiencies during the combus-
tion process was assumed to be 1 percent for petroleum
and coal and 0.5 percent for natural gas (see Annex A).

5. Subtract emissions from international bunker
fuels. According to the IPCC guidelines (IPCC/UNEP/
OECD/IEA 1997) emissionsfrom international transport
activities, or bunker fuels, should not be included in
national totals. Because U.S. energy consumption sta-
tistics include these bunker fuels—distillate fuel ail, re-
sidual fuel oil, and jet fuel—as part of consumption by
the transportation sector, emissions from international
transport activities were calculated separately and sub-
tracted from emission estimates for the transportation
sector. The calculations for emissions from bunker fuels
follow the same procedures used for emissionsfrom con-
sumption of all fossil fuels (i.e., estimation of consump-
tion, determination of carbon content, and adjustment
for the fraction of carbon not oxidized).

6. Allocate transportation emissions by vehicle
type. Because the transportation end-use sector was the
largest direct consumer of fossil fuels in the United
States,* a more detailed accounting of carbon dioxide
emissions is provided. For fuel types other than jet fuel,
fuel consumption data by vehicle type and transporta-
tion mode were used to allocate emissions by fuel type
calculated for the transportation end-use sector. Specific
data by vehicle type were not available for 1998; there-
fore, the 1997 percentage allocations were applied to
1998 fuel consumption data in order to estimate emis-
sionsin 1998. Military vehicle jet fuel consumption was
provided by the Defense Energy Support Center, under
Department of Defense’s(DoD) Defense L ogisticsAgency
and the Office of the Undersecretary of Defense (Envi-

2 Fuel consumption by U.S. territories (i.e. American Samoa, Guam, Puerto Rico, U.S. Virgin Islands, Wake Island, and other U.S.
Pacific Islands) is included in this report and contributed emissions of13 MMTCE in 1998.

13 See Waste Combustion section of Waste chapter for discussion of emissions from the combustion of plastics in the municipal solid

waste steam.

4 Electric utilities are not considered a final end-use sector, because they consume energy solely to provide electricity to the other

sectors.
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ronmental Security). The difference between total U.S.
jet fuel consumption (as reported by DOE/EIA) and ci-
vilian air carrier consumption for both domestic and in-
ternational flights (as reported by DOT/BTS and BEA)
plus military jet fuel consumption is reported as “ other”
under the jet fuel category in Table 2-8, and includes
such fuel uses as blending with heating oils and fuel
used for chartered aircraft flights.

Data Sources

Data on fuel consumption for the United States
and itsterritories, carbon content of fuels, and percent of
carbon sequestered in non-energy uses were obtained
directly from the Energy Information Administration
(EIA) of the U.S. Department of Energy (DOE). Fuel con-
sumption datawere obtained primarily from the Monthly
Energy Review (EIA 1999f) and various EIA databases.
Data on military jet fuel use was supplied by the Office
of the Under Secretary of Defense (Environmental Secu-
rity) and the Defense Energy Support Center (Defense
Logistics Agency) of the U.S. Department of Defense
(DoD). Estimates of international bunker fuel emissions
are discussed in the section entitled International Bun-
ker Fuels.

IPCC (IPCC/UNEP/OECD/IEA 1997) provided
combustion efficiency rates for petroleum and natural
gas. Bechtel (1993) provided the fraction oxidation val-
ues for coal. Vehicle type fuel consumption data for the
allocation of transportation sector emissions were pri-
marily taken from the Transportation Energy Databook
prepared by the Center for Transportation Analysis at
Oak Ridge National Laboratory (DOE 1993, 1994, 1995,
1996, 1997, 1998). All jet fuel and aviation gasoline
was assumed to have been consumed in aircraft. Densi-
tiesfor each military jet fuel type were obtained from the
Air Force (1998).

Carbon intensity estimates were developed using
nuclear and renewable energy data from EIA (1998a)
and fossil fuel consumption data as discussed above and
presented in Annex A.

For consistency of reporting, the IPCC has recom-
mended that national inventories report energy data (and
emissions from energy) using the International Energy
Agency (IEA) reporting convention and/or | EA data. Data

in the IEA format are presented “top down”—that is,
energy consumption for fuel types and categories are
estimated from energy production data (accounting for
imports, exports, stock changes, and losses). The result-
ing quantities arereferred to as “ apparent consumption.”
The data collected in the United States by EIA, and used
in this inventory, are, instead, “bottom up” in nature. In
other words, they are collected through surveys at the
point of delivery or use and aggregated to determine
national totals.

It is aso important to note that EIA uses gross
calorific values (GCV) (i.e., higher heating values) asits
reporting standard for energy statistics. Fuel consump-
tion activity data presented here have not been adjusted
to correspond to international standard, which areto re-
port energy statistics in terms of net calorific values
(NCV) (i.e., lower heating values).

Uncertainty

For estimates of CO, from fossil fuel combustion,
the amount of CO, emitted, in principle is directly re-
lated to the amount of fuel consumed, the fraction of the
fuel that is oxidized, and the carbon content of the fuel.
Therefore, a careful accounting of fossil fuel consump-
tion by fuel type, average carbon contents of fossil fuels
consumed, and consumption of products with long-term
carbon storage should yield an accurate estimate of CO,
emissions.

There are uncertainties, however, concerning the
consumption data sources, carbon content of fuels and
products, and carbon oxidation efficiencies. For example,
given the same primary fuel type (e.g., petroleum), the
amount of carbon contained in the fuel per unit of useful
energy can vary. Non-energy uses of the fuel can also
create situations where the carbon is not emitted to the
atmosphere (e.g., plastics, asphalt, etc.) or isemitted at a
delayed rate. The proportions of fuelsused in these non-
energy production processes that result in the sequestra-
tion of carbon have been assumed. Additionally, ineffi-
ciencies in the combustion process, which can result in
ash or soot remaining unoxidized for long periods, were
also assumed. These factors all contribute to the uncer-
tainty in the CO, estimates.

2-16 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1998



Other sources of uncertainty are fuel consumption
by U.S. territories and bunker fuels consumed by the
military. The United States does not collect as detailed
energy statistics for its territories as for the fifty states
and the District of Columbia. Therefore estimating both
emissions and bunker fuel consumption by these territo-
riesisdifficult.

For Table 2-8, uncertainties also exist as to the
data used to allocate CO, emissions from the transporta-
tion end-use sector to individual vehicletypesand trans-
port modes. In many cases, bottom up estimates of fuel
consumption by vehicle type do not match top down
estimatesfrom EIA. Further research is planned to better
allocate detail ed transportati on end-use sector emissions.

For the United States, however, these uncertainties
impact on overall CO, emission estimates are believed
to berelatively small. For the United States, CO, emis-
sion estimates from fossil fuel combustion are consid-
ered accurate within one or two percent. See, for example,
Marland and Pippin (1990).

Stationary Combustion
(excluding CO,)

Stationary combustion encompasses all fuel com-
bustion activities except those related to transportation
(i.e., mobile combustion). Other than carbon dioxide
(CO,), which was addressed in the previous section, gases
from stationary combustion include the greenhouse gases
methane (CH,) and nitrous oxide (N,O) and the criteria
pollutants nitrogen oxides (NO,), carbon monoxide (CO),
and non-methane volatile organic compounds
(NMVOCs).'> Emissions of these gases from stationary
sources depend upon fuel characteristics, technology
type, usage of pollution control egquipment, and ambi-
ent environmental conditions. Emissions also vary with
the size and vintage of the combustion technology as
well as maintenance and operational practices.

Nitrous oxide and NO, emissions from stationary
combustion are closely related to air-fuel mixesand com-

bustion temperatures, as well as the characteristics of
any pollution control equipment that is employed. Car-
bon monoxide emissions from stationary combustion
are generally afunction of the efficiency of combustion
and the use of emission controls; they are highest when
lessoxygenispresent in the air-fuel mixturethanisnec-
essary for complete combustion. These conditions are
most likely to occur during start-up and shut-down and
during fuel switching (e.g., the switching of coal grades
at a coal-burning electric utility plant). Methane and
NMVOC emissions from stationary combustion are pri-
marily a function of the CH, content of the fuel, com-
bustion efficiency, and post-combustion controls.

Emissions of CH, increased slightly from 1990 to
1996, but fell to just below the 1990 level in 1998 to 2.3
MMTCE (395 Gg). This decrease in emissions was pri-
marily due to lower wood consumption in the residen-
tial sector. Nitrous oxide emissionsrose 12 percent since
1990t0 4.3 MMTCE (50 Gg) in 1998. Thelargest source
of N,O emissions was coal combustion by electric utili-
ties, which alone accounted for 54 percent of total N,O
emissions from stationary combustion in 1998. Overall,
though, stationary combustion is a small source of CH,
and N,,O in the United States.

In contrast, stationary combustion was a signifi-
cant source of NO, emissions, but asmaller source of CO
and NMVOCs. In 1998, emissions of NO, from station-
ary combustion represented 44 percent of national NO,
emissions, while CO and NMVOC emissions from sta-
tionary combustion contributed approximately 6 and 5
percent, respectively, to the national totals. From 1990
to 1998, emissions of NO, were fairly constant, while
emissions of CO and NMVOCs decreased by 10 and 15
percent, respectively.

The decrease in CO and NMVOC emissions from
1990 to 1998 can largely be attributed to decreased resi-
dential wood consumption, which is the most signifi-
cant source of these pollutants from stationary combus-
tion. Overall, NO, emissions from energy varied due to
fluctuations in emissions from electric utilities. Table
2-12 through Table 2-15 provide CH, and N,O emission

15 Sulfur dioxide (SO,) emissions from stationary combustion are addressed in Annex M.
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Table 2-12: CH, Emissions from Stationary Combustion (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Qil + + + + + + + + +
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 0.8 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9
Coal 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Wood 0.3 0.3 0.3 0.3 04 04 04 04 04

Commercial/Institutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + + +
Fuel Qil 0.1 + + + + + + + +
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood" NA NA NA NA NA NA NA NA NA

Residential 1.3 1.3 1.4 1.3 1.3 1.4 1.4 1.1 1.1
Coal 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 09 1.0 1.1 1.0 09 1.0 1.1 0.8 0.8

Total 2.3 2.4 2.4 2.4 2.4 2.5 2.6 2.3 2.3

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.

Table 2-13: N,0 Emissions from Stationary Combustion (MMTCE)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 2.0 2.0 2.0 2.1 2.1 2.1 2.2 2.3 2.3
Coal 1.9 1.9 1.9 2.0 2.0 2.0 2.1 2.2 2.2
Fuel Oil 0.1 0.1 + 0.1 + + + + 0.1
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 1.4 1.4 1.5 1.5 1.5 1.5 1.6 1.6 1.6
Coal 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Fuel Qil 04 04 04 0.4 0.5 0.4 0.5 0.5 0.5
Natural Gas 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Wood 0.6 0.6 0.7 0.7 0.7 0.7 0.8 0.8 0.8

Commercial/Institutional 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Coal + + + + + + + + +
Fuel Qil + + + + + + + + +
Natural Gas + + + + + + + + +
Wood" NA NA NA NA NA NA NA NA NA

Residential 0.3 0.3 0.3 0.3 03 0.3 03 0.3 03
Coal + + + + + + + + +
Fuel Oil 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Natural Gas + + + + + + + + +
Wood 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Total 3.8 3.8 3.9 3.9 4.0 4.0 4.2 4.2 4.3

+ Does not exceed 0.05 MMTCE

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.
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Table 2-14: CH, Emissions from Stationary Combustion (Gg)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 23 23 22 23 23 23 23 24 26
Coal 16 16 16 17 17 17 18 19 19
Fuel Oil 4 4 3 3 3 2 2 2 4
Natural Gas 3 3 3 3 3 3 3 3 3
Wood 1 1 1 1 1 + 1 1 1

Industrial 140 138 143 145 151 155 159 159 160
Coal 27 26 25 25 25 24 24 23 23
Fuel Qil 17 16 17 17 18 17 18 19 18
Natural Gas 40 41 43 45 45 48 49 49 48
Wood 55 55 58 59 63 65 68 68 70

Commercial/Institutional 23 23 23 23 23 23 24 24 23
Coal 1 1 1 1 1 1 1 1 1
Fuel Oil 9 9 8 8 8 8 7 7 7
Natural Gas 13 13 14 14 14 15 15 16 15
Wood" NA NA NA NA NA NA NA NA NA

Residential 218 227 237 224 219 236 240 191 187
Coal 19 17 17 17 17 16 17 17 17
Fuel Oil 13 13 13 14 13 14 14 14 14
Natural Gas 21 22 23 24 24 24 26 24 22
Wood 166 175 184 169 166 183 183 135 133

Total 404 410 425 415 416 437 446 399 395

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.

Note: Totals may not sum due to independent rounding.

Table 2-15: N,0 Emissions from Stationary Combustion (Gg)

Sector/Fuel Type 1990 1991 1992 1993 1994 1995 1996 1997 1998

Electric Utilities 24 24 24 25 25 25 26 27 27
Coal 23 22 23 24 24 24 25 26 26
Fuel Qil 1 1 1 1 1 + + + 1
Natural Gas + + + + + + + + +
Wood + + + + + + + + +

Industrial 17 17 17 17 18 18 19 19 19
Coal 4 4 3 3 3 3 3 3 3
Fuel Oil 5 5 5 5 5 5 5 6 6
Natural Gas 1 1 1 1 1 1 1 1 1
Wood 7 7 8 8 8 9 9 9 9

Commercial/Institutional 1 1 1 1 1 1 1 1 1
Coal + + + + + + + + +
Fuel Qil 1 1 + + + + + + +
Natural Gas + + + + + + + + +
Wood" NA NA NA NA NA NA NA NA NA

Residential 3 4 4 4 4 4 4 3 3
Coal + + + + + + + + +
Fuel Oil 1 1 1 1 1 1 1 1 1
Natural Gas + + + + + + 1 + +
Wood 2 2 2 2 2 2 2 2 2

Total 45 45 46 46 47 48 49 50 50

+ Does not exceed 0.5 Gg

NA (Not Available)

* Commercial/institutional emissions from the combustion of wood are included under the residential sector.
Note: Totals may not sum due to independent rounding.
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Table 2-16: NO,, CO, and NMVOC Emissions
from Stationary Combustion in 1998 (Gg)

Sector/Fuel Type NO, CO NMvOC
Electric Utilities 5,535 377 48
Coal 4,894 231 26
Fuel Oil 189 16 4
Natural Gas 310 78 8
Wood NA NA NA
Internal Combustion 141 53 9
Industrial 2,997 1,090 166
Coal 613 91 5
Fuel Qil 209 52 6
Natural Gas 1,141 314 46
Wood NA NA NA
Other Fuels? 115 314 40
Internal Combustion 918 319 69
Commercial/Institutional 364 134 23
Coal 33 12 1
Fuel Oil 85 17 3
Natural Gas 219 55 12
Wood NA NA NA
Other Fuels? 27 90 8
Residential 823 2,891 539
Coal NA NA NA
Fuel QilP NA NA NA
Natural Gas® NA NA NA
Wood 32 2,636 500
Other Fuels¢ 791 255 39
Total 9,719 4,491 776

NA (Not Available)

Note: Totals may not sum due to independent rounding.
See Annex B for emissions in 1990 through 1998.

& “Other Fuels” include LPG, waste oil, coke oven gas,
coke, and non-residential wood (EPA 1999).

b Coal, fuel oil, and natural gas emissions are included
in the “Other Fuels” category (EPA 1999).

¢ “Other Fuels” include LPG, waste oil, coke oven gas,
and coke (EPA 1999).

estimates from stationary sources by sector and fuel type.
Estimates of NO,, CO, and NMVOC emissionsin 1998
are given in Table 2-16.16

Methodology

Methane and nitrous oxide emissions were esti-
mated by multiplying emission factors (by sector and
fuel type) by fossil fuel and wood consumption data.
National coal, natural gas, fuel oil, and wood consump-
tion datawere grouped into four sectors—industrial, com-
mercial/institutional, residential, and electric utilities.

For NO,, CO, and NMVOCs, the major source cat-
egories included in this section are those used in EPA
(1999): coal, fuel oil, natural gas, wood, other fuels (in-
cluding L PG, coke, coke oven gas, and others), and sta-
tionary internal combustion. The EPA estimates emis-
sionsof NO,, CO, and NMVOCsby sector and fuel source
using a“ bottom-up” estimating procedure. In other words,
emissions were calculated either for individual sources
(e.g., industrial boilers) or for multiple sources combined,
using basic activity data as indicators of emissions. De-
pending on the source category, these basic activity data
may include fuel consumption, fuel deliveries, tons of
refuse burned, raw material processed, etc.

The EPA derived the overall emission control effi-
ciency of a source category from published reports, the
1985 National Acid Precipitation and Assessment Pro-
gram (NAPAP) emissionsinventory, and other EPA data-
bases. The U.S. approach for estimating emissionsof NO,,
CO, and NMVOCsfrom stationary source combustion, as
described above, is consistent with the methodol ogy rec-
ommended by thel PCC (IPCC/UNEP/OECD/IEA 1997).

More detailed information on the methodology
for calcul ating emissions from stationary sources, includ-
ing emission factors and activity data, is provided in
Annex B.

Data Sources

Emissionsestimatesfor NO,, CO, and NMVOCsin
this section were taken directly from the EPA’s National
Air Pollutant Emissions Trends: 1900 - 1998 (EPA 1999).
Fuel consumption data were provided by the U.S. En-
ergy Information Administration’s Annual Energy Re-
view (EIA 1999a) and Monthly Energy Review (EIA
1999b). Emission factors were provided by the Revised
1996 IPCC Guidelines for National Greenhouse Gas
Inventories (IPCC/UNEP/OECD/IEA 1997).

Uncertainty

Methane emission estimates from stationary
sources are highly uncertain, primarily due to difficul-
tiesin cal cul ating emissionsfrom wood combustion (i.e.,
fireplaces and wood stoves). The estimates of CH, and

16 See Annex B for a complete time series of criteria pollutant emission estimates for 1990 through 1998.
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N,O emissions presented are based on broad indicators
of emissions (i.e., fuel use multiplied by an aggregate
emission factor for different sectors), rather than specific
emission processes (i.e., by combustion technology and
type of emission control). The uncertainties associated
with the emission estimates of these gases are greater
than with estimates of CO, from fossil fuel combustion,
which mainly rely on the carbon content of the fuel com-
busted. Uncertaintiesin both CH, and N,O estimatesare
due to the fact that emissions are estimated based on
emission factors representing only a limited subset of
combustion conditions. For the criteria pollutants, un-
certainties are partly due to assumptions concerning
combustion technology types, age of equipment, emis-
sion factors used, and activity data projections.

Mobile Combustion (excluding CO,)

M obile combustion emits greenhouse gases other
than CO,, including methane (CH,), nitrous oxide (N,0),
and the criteria pollutants carbon monoxide (CO), nitro-
gen oxides (NO,), and non-methane volatile organic
compounds (NMVOCs).

Aswith stationary combustion, N,O and NO, emis-
sions are closely related to fuel characteristics, air-fuel
mixes, combustion temperatures, aswell as usage of pol-
lution control equipment. Nitrous oxide, in particular,
can be formed by the catalytic processes used to control
NO, and CO emissions. Carbon monoxide emissionsfrom
mobile source combustion are significantly affected by
combustion efficiency and presence of post-combustion
emission controls. Carbon monoxide emissionsare high-
est when air-fuel mixtures have less oxygen than required
for complete combustion. Thisoccurs especially inidle,
low speed and cold start conditions. Methane and
NMVOC emissionsfrom motor vehiclesareafunction of
the CH, content of the motor fuel, the amount of hydro-
carbons passing uncombusted through the engine, and
any post-combustion control of hydrocarbon emissions,
such as catalytic converters.

Emissionsfrom mobile combustion were estimated
by transport mode (e.g., highway, air, rail, and water) and
fuel type—motor gasoline, diesel fuel, jet fuel, aviation
gas, natural gas, liquefied petroleum gas (LPG), and re-
sidual fuel oil—and vehicle type. Road transport ac-
counted for the majority of mobile sourcefuel consump-
tion, and hence, the magjority of mobile combustion emis-
sions. Table 2-17 through Table 2-20 provide CH, and
N,O emission estimates from mobile combustion by ve-
hicle type, fuel type, and transport mode. Estimates of
NO,, CO, and NMVOC emissions in 1998 are given in
Table 2-21.17

Mobile combustion was responsible for a small
portion of national CH, emissions but were the second
largest source of N,O in the United States. From 1990 to
1998, CH, emissions declined by 10 percent, to 1.3
MMTCE (232 Gg). Nitrous oxide emissions, however,
rose 25 percent to 17.2 MMTCE (203 Gg) (see Figure
2-13). The reason for this conflicting trend was that the
control technologies employed on highway vehicles in
the United States lowered CO, NO,, NMVOC, and CH,
emissions, but resulted in higher average N,O emission
rates. Fortunately, since 1994 improvementsin the emis-
sion control technologiesinstalled on new vehicles have
reduced emission rates of both NO, and N,O per vehicle
miletraveled. Overall, CH, and N,O emissionsweredomi-

Figure 2-13
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17 See Annex C for a complete time series of criteria pollutant emission estimates for 1990 through 1998.
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Table 2-17: CH, Emissions from Mobile Combustion (MMTCE)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 1.3 1.3 1.3 1.3 1.3 1.2 1.2 1.2 1.2
Passenger Cars 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.5
Light-Duty Trucks 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Motorcycles + + + + + + + + +
Diesel Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 I I I I I + + +
Heavy-Duty Vehicles 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Non-Highway 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ships and Boats I I I I I I + + +
Locomotives + + + + + + + + +
Farm Equipment I I I I I I + + +
Construction Equipment 3 I I I 3 + + + +
Aircraft + + + + + + + + +
Other* + + + + + + + + +
Total 1.5 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.3

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.

Table 2-18: N,0 Emissions from Mobile Combustion (MMTCE)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 12.5 13.3 14.4 15.2 15.7 16.0 16.0 15.9 15.8
Passenger Cars 8.0 8.0 8.3 8.6 8.8 8.9 8.9 8.7 8.6
Light-Duty Trucks 4.2 5.1 5.8 6.4 6.6 6.8 6.8 6.8 6.8
Heavy-Duty Vehicles 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4
Motorcycles + + + + + + + + +
Diesel Highway 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 3 I I I I + + +
Heavy-Duty Vehicles 0.4 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6
Non-Highway 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Ships and Boats 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Locomotives 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Farm Equipment 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Construction Equipment 3 I I I I + + + +
Aircraft 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Other* + + + + + + + + +
Total 13.8 14.6 15.7 16.5 171 174 17.5 17.3 17.2

+ Does not exceed 0.05 MMTCE

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-19: CH, Emissions from Mohile Combustion (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 226 224 225 223 221 218 213 207 201
Passenger Cars 124 114 109 104 102 100 98 95 94
Light-Duty Trucks 82 91 96 99 98 97 94 92 88
Heavy-Duty Vehicles 16 15 15 16 17 17 16 16 16
Motorcycles 4 4 4 4 4 4 4 4 3
Diesel Highway 10 10 10 11 11 12 12 12 12
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 3 i i I I + + +
Heavy-Duty Vehicles 10 10 10 10 11 11 11 12 12
Non-Highway 21 21 21 21 21 22 22 20 19
Ships and Boats 3 4 4 4 4 4 4 3 3
Locomotives 3 2 3 2 2 3 3 2 2
Farm Equipment 6 5 6 5 6 6 6 6 5
Construction Equipment 1 1 1 1 1 1 1 1 1
Aircraft 8 7 7 7 7 7 7 7 7
Other* 1 1 1 1 1 1 1 1 1
Total 257 255 257 255 253 251 246 239 232

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.

Table 2-20: N, 0 Emissions from Mobile Combustion (Gg)

Fuel Type/Vehicle Type 1990 1991 1992 1993 1994 1995 1996 1997 1998
Gasoline Highway 148 157 170 179 186 189 190 188 187
Passenger Cars 95 95 99 101 104 106 105 103 102
Light-Duty Trucks 50 60 68 75 78 80 81 81 80
Heavy-Duty Vehicles 2 2 3 3 3 4 4 4 4
Motorcycles + + + + + + + + +
Diesel Highway 6 6 6 6 7 7 7 7 8
Passenger Cars + + + + + + + + +
Light-Duty Trucks 3 i i I I I + + +
Heavy-Duty Vehicles 5 5 6 6 6 6 7 7 7
Non-Highway 10 9 10 9 10 10 10 9 9
Ships and Boats 1 1 1 1 1 2 1 1 1
Locomotives 1 1 1 1 1 1 1 1 1
Farm Equipment 1 1 1 1 1 1 1 1 1
Construction Equipment 3 I I I I + + + 1
Aircraft 6 6 5 5 6 6 6 6 6
Other* + + + + + + + + +
Total 163 172 185 195 202 206 207 205 203

+ Does not exceed 0.5 Gg

Note: Totals may not sum due to independent rounding.

* “Other” includes snowmobiles, small gasoline powered utility equipment, heavy-duty gasoline powered utility equipment, and heavy-duty
diesel powered utility equipment.
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Table 2-21: NO,, CO, and NMVOC Emissions from
Mobile Combustion in 1998 (Gg)

Fuel Type/Vehicle Type NO, CO NMVOCs
Gasoline Highway 4,617 44,300 4,630
Passenger Cars 2,574 24,357 2,534
Light-Duty Trucks 1,739 16,988 1,828
Heavy-Duty Vehicles 293 2,783 233
Motorcycles 11 173 35
Diesel Highway 1,736 1,410 201
Passenger Cars 31 27 11
Light-Duty Trucks 11 10 5
Heavy-Duty Vehicles 1,694 1,374 186
Non-Highway 4832 18,069 2,234
Ships and Boats 971 2,085 742
Locomotives 903 110 47
Farm Equipment 913 973 120
Construction Equipment 1,120 1,166 208
Aircraft? 152 865 160
Otherd 773 13,271 956
Total 11,184 63,780 7,065

2 Aircraft estimates include only emissions related to LTO cycles,
and therefore do not include cruise altitude emissions.

b “Other” includes gasoline powered recreational, industrial, lawn
and garden, light commercial, logging, airport service, other
equipment; and diesel powered recreational, industrial, lawn and
garden, light construction, airport service.

Note: Totals may not sum due to independent rounding. See
Annex C for emissions in 1990 through 1998.

nated by gasoline-fueled passenger cars and light-duty
gasoline trucks.

Emissions of criteria pollutants generally in-
creased from 1990 through 1994, after which there were
decreases of 3 (NO,) to 14 (CO) percent by 1998. A
drop in gasoline prices combined with a strengthening
U.S. economy caused theinitial increase. Thesefactors
pushed the vehiclemilestraveled (VMT) by road sources
up, resulting in increased fuel consumption and higher
emissions. Some of thisincreased activity was|later off-
set by an increasing portion of the U.S. vehicle fleet
meeting established emissions standards.

Fossil-fueled motor vehicles comprise the single
largest source of CO emissionsin the United States and
areasignificant contributor to NO, and NMVOC emis-
sions. In 1998, CO emissions from mobile combustion
contributed 74 percent of national CO emissions and
51 and 38 percent of NO, and NMVOC emissions, re-
spectively. Since 1990, emissions of CO and NMVOCs
from mobile combustion decreased by 8 and 12 per-
cent, respectively, while emissions of NO, increased by
4 percent.

Methodology

Estimates for CH, and N,O emissions from mo-
bile combustion were calculated by multiplying emis-
sion factors by measures of activity for each category.
Depending upon the category, activity data included
such information as fuel consumption, fuel deliveries,
and vehicle milestraveled (VMT). Emission estimates
from highway vehicles were based on VMT and emis-
sion factors by vehicle type, fuel type, model year, and
control technology. Fuel consumption data was em-
ployed as a measure of activity for non-highway ve-
hicles and then fuel-specific emission factors were ap-
plied.’® A complete discussion of the methodology
used to estimate emissions from mobile combustion is
provided in Annex C.

The EPA (1999) provided emissions estimates of
NO,, CO, and NMVOCsfor eight categories of highway
vehicles,'9 aircraft, and seven categories of off-high-
way vehicles.?°

Data Sources

Emission factors used in the calculations of CH,
and N,O emissions are presented in Annex C. The Re-
vised 1996 IPCC Guidelines (IPCC/UNEP/OECD/IEA
1997) provided emission factors for CH,, and were de-
veloped using MOBILESa, a model used by the Envi-

8 The consumption of international bunker fuels is not included in these activity data, but are estimated separately under the

International Bunker Fuels source category.

19 These categories included: gasoline passenger cars, diesel passenger cars, light-duty gasoline trucks less than 6,000 pounds in weight,
light-duty gasoline trucks between 6,000 and 8,500 pounds in weight, light-duty diesel trucks, heavy-duty gasoline trucks and buses,

heavy-duty diesel trucks and buses, and motorcycles.

20 These categories included: gasoline and diesel farm tractors, other gasoline and diesel farm machinery, gasoline and diesel
construction equipment, snowmobiles, small gasoline utility engines, and heavy-duty gasoline and diesel general utility engines.

2-24 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1998



ronmental Protection Agency (EPA) to estimate exhaust
and running loss emissions from highway vehicles. The
MOBILE5amodel usesinformation on ambient tempera-
ture, vehicle speeds, national vehicle registration distri-
butions, gasoline volatility, and other variables in order
to produce these factors (EPA 1997).

Emission factors for N,O from gasoline highway
vehicles came from EPA (1998). This report contains
emission factors for older passenger cars—roughly pre-
1992 in Californiaand pre-1994 in the rest of the United
States—from published references, and for newer cars
from arecent testing program at EPA’s National Vehicle
and Fuel Emissions Laboratory (NVFEL). These emis-
sion factorsfor gasoline highway vehiclesarelower than
theU.S. default valuesin the Revised 1996 | PCC Guide-
lines, but are higher than the European default values,
both of which were published before the more recent
testsand literature review conducted by theNVFEL. The
U.S. default values in the Revised 1996 IPCC Guide-
lines were based on three studies that tested a total of
five cars using European rather than U.S. test protocols.
More details may be found in EPA (1998).

Emission factors for gasoline vehicles other than
passenger carswere scaled from those for passenger cars
with the same control technology, based on their rela-
tive fuel economy. This scaling was supported by lim-
ited data showing that light-duty trucks emit more N,O
than passenger cars with equivalent control technology.
The use of fuel-consumption ratios to determine emis-
sion factors is considered a temporary measure only, to
be replaced as additional testing data are available. For
more details, see EPA (1998). Nitrous oxide emission
factorsfor diesel highway vehicles were taken from the
European default valuesfound in the Revised 1996 IPCC
Guidelines (IPCC/UNEP/OECD/IEA 1997). Thereislittle
data addressing N,O emissions from U.S. diesel-fueled
vehicles, and in general, European countries have had
more experience with diesel-fueled vehicles. U.S. de-
fault values in the Revised 1996 IPCC Guidelines were
used for non-highway vehicles.

Activity datawere gathered from several U.S. gov-
ernment sources including EIA (1999a), EIA (1999b),
FHWA (1998), BEA (1999), DESC (1999), DOC (1999),

FAA (1999), and DOT/BTS (1999). Control technology
datafor highway vehicleswere obtained from the EPA’s
Office of Mobile Sources. Annual VMT data for 1990
through 1998 were obtained from the Federal Highway
Administration’s (FHWA) Highway Performance Moni-
toring System database, as noted in EPA (1999).

Emissions estimatesfor NO,, CO, NMVOCswere
taken directly from the EPA’s National Air Pollutant
Emissions Trends, 1900 - 1998 (EPA 1999).

Uncertainty

Mobile source emission estimates can vary sig-
nificantly due to assumptions concerning fuel type and
composition, technology type, average speeds, type of
emission control equipment, equipment age, and oper-
ating and maintenance practices. Fortunately, detailed
activity data for mobile combustion were available, in-
cluding VMT by vehicle type for highway vehicles. The
alocation of this VMT to individual model years was
done using the profile of U.S. vehicle usage by vehicle
agein 1990 as specifiedin MOBILE 5a. Datato develop
atemporally variable profile of vehicle usage by model
year instead of age was not available.

Average emission factors were developed based
on numerous assumptions concerning the age and model
of vehicle; percent driving in cold start, warm start, and
cruise conditions; average driving speed; ambient tem-
perature; and maintenance practices. Thefactorsfor regu-
lated emissionsfrom mobile combustion—CO, NO,,, and
hydrocarbons—have been extensively researched, and
thus involve lower uncertainty than emissions of un-
regul ated gases. Although methane has not been singled
out for regulation in the United States, overall hydrocar-
bon emissions from mobile combustion—a component
of which is methane—are regulated.

Compared to methane, CO, NO,, and NMVOCs,
thereisrelatively little data available to estimate emis-
sion factors for nitrous oxide. Nitrous oxide is not a
criteria pollutant, and measurements of it in automo-
bile exhaust have not been routinely collected. Re-
search data has shown that N,O emissions from vehicles
with catalytic converters are greater than those without
emission controls, and that vehicles with aged cata-
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lysts emit more than new ones. The emission factors
used were, therefore, derived from aged cars (EPA
1998b). The emission factors used for Tier 0 and older
carswere based on tests of 28 vehicles; those for newer
vehicleswere based on tests of 22 vehicles. Thissample
is small considering that it is being used to character-
izethe entire U.S. fleet, and the associated uncertainty
is therefore large. Currently, N,O gasoline highway
emission factors for vehicles other than passenger cars
are scaled based on those for passenger cars and their
relative fuel economy. Actual measurements should be
substituted for this procedure when they become avail-
able. Further testing is needed to reduce the uncertainty
in emission factors for all classes of vehicles, using
realistic driving regimes, environmental conditions, and
fuels.

Although aggregate jet fuel and aviation gaso-
line consumption data has been used to estimate emis-
sions from aircraft, the recommended method for esti-
mating emissions in the Revised 1996 |PCC Guidelines
is to use data by specific aircraft type (IPCC/UNEP/
OECD/IEA 1997). The IPCC also recommends that
cruise altitude emissions be estimated separately using
fuel consumption data, whilelanding and take-off (LTO)
cycle data be used to estimate near-ground level emis-
sions. The EPA is attempting to develop revised esti-
mates based on this more detailed activity data, and
these estimates are to be presented in future inventories.

Overall, uncertainty for N,O emissions esti-
matesis considerably higher than for CH,, CO, NO,,
or NMVOC,; however, all these gases involve far
more uncertainty than CO, emissions from fossil fuel
combustion.

U.S. jet fuel and aviation gasoline consumption is
currently all attributed to the transportation sector by
ElA, and it is assumed here that it is all used to fuel
aircraft. However it islikely that somefuel purchased by
airlinesis not necessarily be used in aircraft, but instead
used to power auxiliary power units, in ground equip-
ment, and to test engines. Somejet fuel may also be used
for other purposes such as blending with diesel fuel or
heating oil.

Lastly, in EPA (1999), U.S. aircraft emission esti-

mates for CO, NOx, and NMVOCs are based upon land-
ing and take-off (LTO) cycles and consequently only
capture near ground-level emissions, which are morerel-
evant for air quality evaluations. These estimates also
include both domestic and international flights. There-
fore, estimates presented here overestimate | PCC-defined
domestic CO, NO,, and NMVOC emissionsby including
LTO cycles by aircraft on international flights but un-
derestimate because they do not include emissions from
aircraft on domestic flight segmentsat cruising altitudes.

Coal Mining

All underground and surface coal mining liberates
(i.e., releases) methane as part of normal operations. The
amount of methane liberated during mining is primarily
dependent upon the amount of methane stored in the
coal and the surrounding strata. This in situ methane
content is a function of the quantity of methane gener-
ated during the coal formation process and its ability to
migrate through the surrounding strata over time. The
degree of coalification—defined by the rank or quality
of the coal formed—determines the amount of methane
generated; higher ranked coals generate more methane.
The amount of methane remaining in the coal and sur-
rounding strata depends upon geologic characteristics
such as pressure within a coal seam. Deeper coal depos-
its tend to retain more of the methane generated during
coalification. Accordingly, deep underground coal seams
generally have higher methane contents than shallow
coal seams or surface deposits.

Underground coal mines contribute the largest
share of methane emissions. All underground coal mines
employ ventilation systems to ensure that methane lev-
elsremain within safe concentrations. These systems can
exhaust significant amounts of methane to the atmo-
sphere in low concentrations. Additionally, over twenty
gassy U.S. coal mines supplement ventilation systems
with degasification systems. Degasification systems are
wellsdrilled from the surface or boreholes drilled inside
the mine that remove large volumes of methane before,
during or after mining. In 1998, 12 coal mines collected
methane from degasification systems and sold this gas
to apipeline, thus reducing emissionsto the atmosphere.
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Table 2-22: CH, Emissions from Coal Mining (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
Underground Mining 17.1 16.4 15.6 13.3 13.1 14.2 12.6 12.3 11.4
Liberated 18.8 18.1 17.8 16.0 16.3 17.7 16.5 16.8 16.1
Recovered & Used (1.6) (1.7) (2.1) 2.7 (3.2) (3.4) (3.8) (4.6) (4.8)
Surface Mining 2.8 2.6 2.6 2.5 2.6 2.4 2.5 2.6 2.6
Post- Mining (Underground) 3.6 3.4 3.3 3.0 3.3 3.3 3.4 3.5 3.4
Post-Mining (Surface) 0.5 04 04 04 04 04 0.4 0.4 0.4
Total 24.0 22.8 22.0 19.2 19.4 20.3 18.9 18.8 17.8
Note: Totals may not sum due to independent rounding.
Table 2-23: CH, Emissions from Coal Mining (Gg)
Activity 1990 1991 1992 1993 1994 1995 1996 1997 1998
Underground Mining 2,991 2,863 2,731 2,328 2289 2487 2204 2,141 1,983
Liberated 3279 3,152 3,102 2,795 2,848 3,086 2,875 2,938 2,814
Recovered & Used (288) (289) (372) (468) (559) (599) (671) (797)  (831)
Surface Mining 488 450 449 434 455 425 436 451 450
Post- Mining (Underground) 626 589 582 523 572 567 590 609 598
Post-Mining (Surface) 79 73 73 71 74 69 71 73 73
Total 4184 3975 3,835 3,356 3,390 3,550 3,301 3,274 3,104

Note: Totals may not sum due to independent rounding.

Surface coal mines al so release methane as the overbur-
den is removed and the coal is exposed; however, the
level of emissions is much lower than underground
mines. Additionally, after coal has been mined, small
amounts of methane retained in the coal are released
during processing, storage, and transport.

Total methane emissions in 1998 were estimated
to be 17.8 MMTCE (3,104.2 Gg), declining 26 percent
since 1990 (see Table 2-22 and Table 2-23). Of this
amount, underground mines accounted for 64 percent,
surface mines accounted for 15 percent, and post-min-
ing emissions accounted for 22 percent. With the excep-
tion of 1994 and 1995, total methane emissions declined
in each successive year during thisperiod. In 1993, meth-
ane generated from underground mining dropped to a
low of 2,327.7 Gg, primarily dueto labor strikes at many
large underground mines. In 1995, there was an increase
in methane emissions from underground mining due to
particularly increased emissions at the highest-emitting
coa mine in the country. The decline in methane emis-
sionsfrom underground minesisthe result of the mining

of less gassy coal, and an increase in gas recovery and
use. Surface mine emissions and post-mining emissions
remained relatively constant from 1990 to 1998.

In 1994, EPA’'s Coal bed M ethane Outreach Program
(CMOP) began working with the coal industry and other
stakeholders to identify and remove obstacles to invest-
ments in coal mine methane recovery and use projects.
Reductions attributed to CM OP were estimated to be 0.7,
0.8, 1.0, 1.3, and 1.7 MMTCE in 1994 through 1998,
respectively, compared to business-as-usual emissions.

Methodology

The methodology for estimating methane emis-
sions from coal mining consists of two steps. The first
step involves estimating methane emissions from under-
ground mines. Because of the availability of ventilation
system measurements, underground mine emissions can
be estimated on a mine-by-mine basis and then summed
to determine total emissions. The second step involves
estimating emissions from surface mines and post-min-
ing activities by multiplying basin-specific coal pro-
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duction by basin-specific emissions factors.

Underground mines. Total methane emitted from
underground minesis estimated to be the quantity of meth-
ane liberated from ventilation systems, plus methane lib-
erated from degasification systems, minus methane re-
covered and used. The Mine Safety and Heath Adminis-
tration (MSHA) samples methane emissionsfrom ventila-
tion systemsfor all mineswith detectable’ methane con-
centrations. These mine-by-mine measurements are used
to estimate methane emissions from ventilation systems.

Some of the higher-emitting underground mines
also use degasification systems (e.g., wells or boreholes)
that remove methane before, during, or after mining.
This methane can then be collected for use or vented to
the atmosphere. Various approaches are employed to
estimate the quantity of methane collected by each of
the more than twenty mines using these systems, de-
pending on available data. For example, some mines
report to EPA the amounts of methane liberated from
their degasification systems. For mines that sell recov-
ered methane to a pipeline, pipeline sales data are used
to estimate degasification emissions. Finally, for those
mines for which no other data are available, default
recovery efficiency values are developed, depending
on the type of degasification system employed.

Finally, the amount of methane recovered by
degasification systems and then used (i.e., not vented)
is estimated. This calculation is complicated by the
fact that methane is rarely recovered and used during
the sameyear in which the particular coal seamismined.
In 1998, 12 active coal mines sold recovered methane
to pipelines. Emissions avoided for these projects are
estimated using gas sal es data reported by various state
agencies, and information supplied by coal mine op-
erators regarding the number of years in advance of
mining that gas recovery occurs. Additionally, some of
the state agencies provide individual well production
information, which is used to assign gas salesto a par-
ticular year.

Surface Mines and Post-Mining Emissions. Sur-
face mining and post-mining methane emissions are

estimated by multiplying basin-specific coal produc-
tion by basin-specific emissions factors. For surface
mining, emissions factors are developed by assuming
that surface mines emit from oneto three times as much
methane as the average in situ methane content of the
coal. Thisaccountsfor methane released from the strata
surrounding the coal seam. For this analysis, it is as-
sumed that twice the average in-situ methane content
isemitted. For post-mining emissions, the emission fac-
tor is assumed to be from 25 to 40 percent of the aver-
age in situ methane content of coals mined in the ba-
sin. For thisanalysis, it is assumed that 32.5 percent of
the average in-situ methane content is emitted.

Data Sources

The Mine Safety and Health Administration pro-
vides mine-specific information on methane liberated
from ventilation systems at underground mines. EPA
develops estimates of methane liberated from
degasification systems at underground mines based on
available data for each of the mines employing these
systems. The primary sources of data for estimating
emissions avoided at underground mines are gas sales
data published by state petroleum and natural gas agen-
cies, information supplied by mine operators regarding
the number of years in advance of mining that gas re-
covery occurred, and reports of gas used on-site. An-
nual coal production data are taken from the Energy
Information Agency’s Coal Industry Annual (see Table
2-24) (EIA 1991, 1992, 1993, 1994, 1995, 1996, 1997,
1998, 1999). Data on in situ methane content and emis-
sions factors are taken from EPA (1993).

Uncertainty

The emission estimates from underground venti-
lation systems are based upon actual measurement data
for mines with detectabl e methane emissions. Accord-
ingly, the uncertainty associated with these measure-
mentsis estimated to be low. Estimates of methane lib-
erated from degasification systems are less certain be-
cause EPA assigns default recovery efficiencies for a
subset of U.S. mines. Compared to underground mines,

21 MSHA records coal mine methane readings with concentrations of greater than 50 ppm (parts per million) methane. Readings below

this threshold are considered non-detectable.

2-28 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1998



Table 2-24: Coal Production (Thousand Metric Tons)

Year Underground Surface Total

1990 384,250 546,818 931,068
1991 368,635 532,656 901,291
1992 368,627 534,290 902,917
1993 318,478 539,214 857,692
1994 362,065 575,529 937,594
1995 359,477 577,638 937,115
1996 371,816 593,315 965,131
1997 381,620 607,163 988,783
1998* 377,397 636,972 1,014,369

*Total production for 1998 provided by EIA. Underground and
surface proportions are estimated based on 1997 EIA data.

there is considerably more uncertainty associated with
surface mining and post-mining emissions because of
the difficulty in developing accurate emissions factors
from field measurements. Because underground emis-
sions comprise the majority of total coal mining emis-
sions, the overall uncertainty is estimated to be only
+15 percent.?? Currently, the estimate does not include
emissions from abandoned coal mines because of lim-
ited data. The EPA is conducting research on the feasi-
bility of including an estimate in future years.

Natural Gas Systems

Methane emissions from natural gas systems are
